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PREFACE TO THE SECOND EDITION 


The purpose, plan, and scope of this treatise are given in the accom¬ 
panying preface to the first edition. 

This second edition, which represents a significant expansion of the 
first, contains twenty-six chapters, of which the following eight are new: 
the reactions of aliphatic hydrocarbons; synthetic polymers; catalytic 
hydrogenation and hydrogenolysis; organic sulfur compounds; aliphatic 
fluorides; the chemistry of the porphyrins; chlorophyll; and the redis¬ 
tribution reaction. All the chapters carried over from the first edition 
have been revised. In some chapters the literature has been reviewed 
up to September, 1942. 

Corrections and suggestions will again be cordially welcomed. The 
editors are grateful to many friends for the examination of the manu¬ 
scripts. Particular thanks are due to Messrs. R. K. Abbott, R. W. 
Leeper, D. S. Melstrom, G. J. O'Donnell, S. M. Spatz, J. R. Thirtle, and 
L. A. Woods. 

. H. G. 

Ames, Iowa 
October, 1942 




PREFACE TO THE FIRST EDITION 


Organic chemistry is richly endowed with excellent textbooks. 
However, there is a need for a general treatise of organic chemistry suit¬ 
able for instruction at the graduate level. Such a book must focus 
attention upon new developments. At best, it can but serve the purpose 
of the moment and provide a point of departure for unceasing revision. 

The idea of a collaborative work by specialists in the several branches 
of the science was developed in 1934. Each author was asked to prepare 
a chapter dealing with a subject of particular interest to himself. It 
was hoped to obtain, in this way, an authoritative treatise which would 
cover most of the important phases of organic chemistry. The execu¬ 
tion of this plan has resulted in the present volumes. 

For the sake of convenience in revising and expanding the book, the 
rapidly developing fields of natural products, relationship between 
physical properties and chemical constitution, valence, and resonance 
have been grouped together in the second volume. It is planned to 
revise both volumes at intervals, not only in order to bring the present 
material up to date, but also to permit the inclusion of new chapters to 
fill the more conspicuous gaps. For example, chapters on polymeriza¬ 
tion and chlorophyll will be included in the next edition. Corrections 

and suggestions will be heartily welcomed. 

The contents have been integrated and the accessibility of the 
information increased by cross references, by individual tables of con¬ 
tents for each chapter, and by a comprehensive subject index which is 
repeated in each of the two volumes. The inordinate wealth of the 
literature has made it necessary to restrict references, in general, to a 
relatively few selected original articles. Researches arc cited, as a rule, 
by reference to the most recent publications; however, sufficient refer¬ 
ences to early work arc given to provide an historical background. 
Occasional chapters, particularly those in the field of natural products, 
have abundant citations to original articles, and should be especially 
useful to research workers. In some chapters the literature has been 
reviewed up to September, 1937. There is, in addition, occasional 
mention of work hitherto unpublished. The section General References 
at the end of each chapter includes mention of some of the more impor¬ 
tant review articles and books as a guide to collateral reading. 



vm 


PREFACE TO THE FIRST EDITION 


The editors gratefully acknowledge the assistance of many friends in 
the examination of the manuscripts. Valuable aid was provided by the 
late Dr. W. H. Carothers, who served on the Editorial Board. Special 
thanks are due to Drs. G. E. Hilbert, J. F. Nelson, P. T. Parker, A. M. 
Patterson, G. F. Wright, and Messrs. J. C. Bailie, R. L. Bebb, L. C. 
Cheney, E. J. Crane, W. Harber, A. L. Jacoby, and J. Swislowsky. 

H. G. 

Ameb, Iowa 
December, 1937 
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CHAPTER 1 


THE REACTIONS OF ALIPHATIC HYDROCARBONS 

Gustav Egloff 
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I. ISOMERIZATION OF ALIPHATIC HYDROCARBONS 


Aliphatic hydrocarbons are available in vast volumes from petroleum 
and natural gas. Isomerization of these hydrocarbons, although very 
difficult to control, is a most important reaction. Normal alkanes iso- 
merize, in general, to methyl alkanes; the simplest case is the formation 
of isobutane, a key hydrocarbon in aviation gasoline, from n-butane via 
the alkylation process. 

Isomerization of Alkanes. Normal alkanes isomerize to methyl- 
alkanes when treated with an aluminum halide. 1 - 2 * *• 4 * 6 ri-Butane in the 


presence of aluminum chloride and hydrogen chloride, in 4 hours at 
175° and 35 atmospheres pressure, forms isobutane and lower alkanes. 3 
The equilibrium concentration of isobutane at 1S0° Ls 58 per cent. 4 
n-Butane and isobutane arc slowly isomcrized catalyticaUy at room 


‘ MontRomery. McAtocr. and Franke. J. Am. Chem. Soc., 59. 17G8 (1937). 
B 0 H;ltTp"; y io 30 A,CCr ' BDd FrankC ' — “ Am - a— Soc. Mooting, 

* IputicfT and Grosso, Ind. Eng. Chcm.. 28. 4G1 (1930). 

“*• "930, y 

•Glo^brook. Phillip,, oud Lovell. J. Am. C/,cm. Soc.. 68. 1944 (1930). 
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temperature. Both isomers require over 2 months to attain the equilib¬ 
rium state in the presence of aluminum bromide at about 27° and 3 
atmospheres pressure. 1 The equilibrium composition corresponds to 
over 78 per cent of isobutane; lower alkanes are formed in small amounts 

^Isopentane can be produced by isomerization of n-pentane in the 
presence of aluminum halides. It is a valuable volatile component of 
aviation fuels. The action of aluminum bromide upon n-pentane at 
room temperature yields 5 per cent of butanes (mostly isobutane), 55 9 
per cent of isopentane, and 3.9 per cent of higher products.* The equihb- 
rium concentration of isopentane at 0° is 90 per cent.- At 80 , this 
value is decreased to 82 per cent.* Hydrogen was used to suppress side 
reactions catalyzed by the aluminum chloride in the last case^ A simi¬ 
lar treatment of n-hexanc at 80° resulted in the formation of 48 per cent 
of methylpentane, 12 per cent of dimethylbutane, and 7 per cent of 
side products. n-Hexane yielded 44 per cent of isohexanes at 120 for 
2 hours with aluminum chloride.’ n-Hexane forms 2- and 3-methyl- 
pcntancs.' • n-Hcptane produces branched isomers, as shown in Table 
I >».» These data indicate that decompositions and recombinations 
accompany isomcrizations in the presence of aluminum halides. 


TABLE I 


Ibomebizatxon of n-HEPTANE BY AlCL AT 9G° 


Hydrocarbons 
Isolated 
Pentanes and lower alkanes 
n-Hexane 

2- Methylpentanc 

3- Methylpcntane 
n-Heptane 
2 -Methyl hexane 


Parts of Hydro¬ 
carbons Isolated 
per 100 Parts of 
n-IIcptanc Reacted 
G4 G 
0.4 
3.4 
2.0 


Hydrocarbons 

Isolated 


3-Methylhexanc 

2,4-Dimethylpcntanc 

3.3- Dimcthylpentane 

2.2.3- Trimethylbutanc 
Polymers 


Parts of Hydro¬ 
carbons Isolated 
per 100 Parts of 
n-IIcptanc Reacted 
1.6 


15 
0 4 
0 5 
24 4 


1.2 


The isomerization of only a few methylalkanes has been studied. 
2-Methylpentanc was isomerized to 3-methylpentane and 2,3-dimethyl- 

• Schmit Hook, and Vcrhcus. IUc. irat. chim., 69. 793 (1940). t _ „ 

1 Bauer. "Obcr die kntalytische Isomerisierui.g cm.gcr Bcnzin-HoklenwasserstofTo. 

Zurich, Deutscho Druckerci. Prague (1940). Science 

• McAtecr, paper presenlcd al Gibbon Island Meeting of Arn. Assoc. Ad%. Science 

Juno 17-21, 1940. 

•Ncnitzescu and Dragan. Drr., 66. 1892 (1933). 

,0 Calingacrt and Beatty. J. Am. Chcm. Soc.. 68. 61 (193G). 

» Calingacrt and Flood, ibid.. 67. 950 (1935). 
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butane or to a mixture of 2- and 3-metbylpentanes by treatments with 
aluminum bromide and 96 per cent sulfuric acid, respectively. 8 3-Methyl- 
pentane gave considerable amounts of 2-methylpentane when sub¬ 
jected to either catalyst. The reported isomerizations of dimethyl- 
alkanes include interconversions of the 2,2- and 2,3-dimethylbutanes, 
with partial conversions to 2-methylpentane, upon contacting aluminum 
bromide at room temperature. 

Isomerization of Alkenes. Normal alkenes isomerize by shifts of 
the double bond or the migration of a methyl group. 1-Butene yields 
2-butene when treated thermally at 600-700°, or when treated catalyti- 
cally at much lower temperatures with nickel and hydrogen, aluminum 
phosphate, aluminum sulfate, aqueous solutions of zinc chloride, ben- 
zenesulfonic acid, perchloric acid, or concentrated phosphoric 
acid. 12, 14. i6 2-Butene isomerizes to 1-butene at 650-700° without 
catalysts or at 100° over phosphoric acid. 12 * 14 The 1- and 2-pentenes iso¬ 
merize thermally. 1 * • 17 1-Hexene yields 2- and 3-hexenes and polymers 
upon treatment at 400° with molybdenum trisulfide and hydrogen under 
pressure. 18 

Several methods of isomerizing n-alkenes into isoalkenes have been 
used, n-Butenes isomerized to isobutene at 300-600° over activated 
silica-alumina, alumina, aluminum sulfate, or phosphoric acid. 19 * 20 At 
temperatures around 325°, 1-hcxcno yielded 2-mcthyl-2-pentene and iso- 
hcxcncs when catalyzed by zinc chloride and phosphoric acid, respec¬ 
tively. 21 • 22 The 1- and 2-octenes gave isooctcnes at 295-400° in experi¬ 
ments utilizing glass or quartz tubes, activated silica-alumina, phosphoric 
acid, or zinc chloride. 21, 23 • 24> 24 

Formation of isomers from methylalkenes, dimcthylalkenes, and 
ethylalkenes has been studied to a greater extent than that of isomers 
from the correspondmg alkanes. Among the methylalkcne examples, 


JJ u rd nnd Goldsby. ibid., 56. 1812 (1934). 

11 Twig*. Trans. Faraday Soc.. 36, 934 (1939). 

>‘ani«“"i. Sch “ d - J - Am - chcm - Soc - 66 > 2096 (1034). 

G'llet, Dull. soc. chim. Ddg., 29. 192 (1920). 

Hurd. Ind. Eng. Chcm., 26. 60 (1934). 

.'r; G r y r r ' *u d G ° ld,by ' J - Am - Ch ”"' Soc.. 68. 235 0030). 

0. 072 «.935, - . Cr,ak ° V - “ nd Andrei * V - «■ 1 (1035); J. Gen. CHe m . (U.S.S.H.). 

* ^crebriakovu'and' *"' VKSS - *■ *» '■930). 

.1087,1. roS,> Cc "- Chm - IV-SJiA.). 7. 122 (1937) If. A.. 31. 4509 
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isobutene yielded n-butenes at 294° over phosphoric acid on “silicate.” 19 
3-Methyl-1-butene isomerized to 2-methyl-2-butene at 425-535° in the 
presence of alumina, aluminum sulfate, or phosphoric acid on pumice, 
while sulfuric acid effected a similar isomerization. 26 - 27 Aluminosilicates 
are more active in the isomerization of alkcnes than aluminum oxide. 28 

Isomerizations of the dimethylalkencs and ethylalkenes include an 
interconversion between 3,3-dimethyl-l-butene and a mixture of 2,3- 
dimethyl-1- and -2-butenes at 300° over phosphorus pentoxide on 
silica gel; the conversion of 3,3-dimethyl-l-butene to this mixture at 
275° over aluminum sulfate; and the transformation of 3,7-dimethyl-1- 
octene into 3,7-dimethyl-2-octene over palladinized asbestos. 29 - 30 

Other examples of isomerization among the alkcnes include a partial 
conversion of tra ns- 2 -butene to the cts-form over phosphoric acid, and 
interconvcrsion of the isomeric 2-pentenes with the aid of ultra-violet 
light. 14 '■ 31 • 32 • 33 • 34 

Formation of isomers from the alkcnes must be accounted for by 
more than one mechanism since the isomerizations involve shifts of 
the double bond, methyl groups, or both. An acid-catalyzed double¬ 
bond shift is considered to consist of two steps: 14 “(1) formation of an 
addition product of the alkcne with the catalyst, and (2) the decomposi¬ 
tion of the addition product from which the same olefin or one with a 
different structure is split off and the catalyst is regenerated.” 

The isomerization of 1-butcne has been formulated as follows: 


HaO-CH—CHi—CH a + 


HX ♦=* CHa—CH—CH*—CH* 

I 

X 

IT 

CHt—CH—CH—CHa + HX 


where “X” represents a group such as: 

[H 2 P0 4 ]", [CIO 4 ] - , [Zn(Cl)0]-, or [C«H*SOa]” 


The removal of hydrogen from a more remote carbon atom is a supple¬ 
mental mechanism, involving a short-lived cyclane, capable of explain¬ 
ing methyl group shifts or formation of any stable cyclones: 

*• Ipatieff. Ber.. 36. 2003 (1903 ):J. Hu**- Phys. Cham. Soc.. 35. 677 (1903). 

17 Norris and Reuter, J. Am. Chcm. -Soc.. 49. 2024 (1927). 

« Frost. J. Phya. Chcm. ( U.S.S.R. >. 14. 1313 (1910). 

” Laughlin. Nusb. and Whitmore. J. Am. Ch,m. Soc.. 66. 1396 (1934). 

*° Cramor and Clast-brook, ibid.. 61. 230 (1939). 

11 Sherrill, Baldwin, und Huus. ibid.. 51. 3034 (1929). 

” Sherrill, Otto, and Pickett, ibid.. 61. 3023 (1929). 

“Carr, ibid., 61. 3041 (1929). 

u Kharosoh, private communication to Sherrill. Otto, and Pickett. J. Am. Chcm. Soc., 
61. 3023 (1929). 
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H 2 C=CHCH2—CH 3 + HX 

IT 

CH3CHCH2—CH3 

i II 


/CH, 

t C + HX 

h 2 c^-^ch. 


CH 3 CH=CHCH 3 + HX 


CH 2 —CH—CHj?=i 

I I 

X ch 3 

H 2 C==C—CH S + HX 

I 

ch 3 

The conversion of a short-lived cyclane into its isomers may proceed 
also by an alternative thermal isomerization without HX. 

Cis-trans isomerization, shifts of double bonds, and shifts of methyl 
groups may also be explained by free radical mechanisms: 


H,C—C—H 

-<U~ 


H,C—C—H 

- 


H- 


CH, 


rH,c— ch-t 
HiC—<5—H Lh,c—ch-J 

H 

H,C-C—A—CH, s* rH,<b A—6—CH, + h] s H,C—C-—C—CH, 

A A L Ah J A A 

CH ' 5=5 [ H,C— ?~? H ’ + ” + < r I1 *l ** H,C=iC—CH, 

“ ■* Ah, 


Isomenzation of Alkadienes. 'Hie allenic alkadienes isomerize to 
conjugated alkadienes or alkynes. Examples of the isomerization to 

a^Tr, C ^o f nCS .. inClUd '' trCatm0nt of 2-alkadienes with floridin 
at about 300 and with quinoline hydrobromide.**• *•• 37 4 4-Dimethvl- 

diiShvmf 10 f T| Cd SUCCCS8iV0ly 2 .-*-dimethyM,3-pentad'iene and 2,4- 

;, PC " I™ 0 ,lori<lin at 28 °- a *5 - : the formation of 

these products involves an interesting methyl group migration »» In¬ 
stances wherein allenic alkadienes were converted into 1-alkvnes are 
tieatment with floridin at about 300° and isomerizations effected by 
potassium ethoxide solution at lower temperatures »■ ». « , o Rut/ 

n T\:rn";;": d by ' ,o ' >■—- «>>«** 

(1037)). 

Fnworbky, J. pra U. Chem., (2) 44. 20S (1S91). 
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mation of 1,4- and 2,4-hexadiene when heated at 500° without catalyst 
or when treated at 170-360° with palladinized asbestos-carbon, alumina, 
chromia, floridin, or potassium ethoxide solution.'«• 40, 41 • 421 43, 44, 45, 46 
2,4-Hexadiene yielded 1,3- and 1,4-hexadicnes at 360—180° over alu¬ 
mina. 47 2,5-Dimethyl-l ,5-hexadiene formed 2,5-dimethyl-2,4-hexadiene 
at 180-225° in the presence of potassium ethoxide solution, floridin, or 
alumina. 40 , 44 • 46 

2,6-Dimethyl-1,3-heptadienc was cyclized to 1,5,5-trimethy 1-2- 
cyclohexene when treated with sulfuric acid. 48 2,6-Dimethyl-2,6-octa- 
diene isomerized to 1,5,5,0-tctramethyl- 1-cyclohexene upon treatment 
with concentrated sulfuric acid, or with the same acid containing acetic 
acid. 40,60 * 61 

In explanation of the mechanism of alkadiene isomerization, Faw- 
orsky recognized that a hydrogen disproportionation occurs in the con¬ 
version of 3 -methyl-1,2-butadiene into a pentenc and the sodium deriva¬ 
tive of 3-methylbutync: ** 

3H 2 C=C*=C—CII, + 2Na — C*H, 0 + 2NaC«C—CH— CH* 

CH, CH * 


According to Jozitsch, a butene resulted similarly during the formation 
of the sodium derivative of 1-butyne from 1,2-butadiene. 41 The follow¬ 
ing equations illustrate the probable courses of two isomerisations 
effected by quinoline hydrobromide as catalyst: 37 


H 2 C=»C=C—CII, + C,H»N • IIBr 

I 

ch 3 


Br 

I 

1 I 2 C-=CII—C—CH, 

I 

CH, 


+ C,H 7 X 


H 2 C=C— CH=CII, + C9H7N • H Br 

I 


CH, 


41 Jozitacli. J. Rust. Ph V *. Chem. Soc.. 29. 90 (1897, (CV.c/n. Zenlr.. I. 1011 (1897)). 

42 Hurd and Bollmunn, J. Am. Chan. Sue., 66. 099 (1933). 

42 Lovina, J. Gen. Chem. ( U.S.S.R.). 6. 1092 (1930, [C . A.. 31. 1002 (1937)1. 

44 Levina, ibid.. 7. 1087 (1937) [C. A.. 31. 8510 (1937,). 

44 Levina and Kiryuahov. ibid.. 9. 1834 (1939, [C. A.. 34. 4051 (1940,). 

44 Lebedov and Slobodin. ibid.. 4. 23 (1934, (C. A.. 28. 6399 (1934,). 

47 PrC-voat. Compt. rend.. 208. 1589 (1939,. 

44 Ticrnunn and Semmler. Her.. 26. 2708 (1893,. 

44 Semmler, Her.. 27. 2520 (1894,. 

60 Dupont. Duiou, and Desrcux. Hull. *oc. chim.. 15)6. 83 (1939). 

41 Semmler. Her., 34. 3122 (1901). 

42 Fawornky, J. prakt. Chem.. 12) 37. 417 (1888); J. Hu**. Phy*. ( hem. .W.. 19. bo* 
(1887); Her.. 21. Iiefcralc, 177 (1888). 
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H 2 C=C=C—CH 3 + C9H7N • HBr 

I 

ch* 


Br 

H 2 C=C—CH—CH 2 

I 

ch 3 


+ C9H7N 


-> HC=C—CH—CHj + C9H7N • HBr 

I 

CH* 

These resemble the conversion of a 1,5-alkadiene into a 2,4-alkadiene 
(R isHor CH 3 ): 40 

H 2 C=CR—CH*—CHt—CR=CH 2 + 2C*H*0H -> 

H3C—CR—CH*—CH*—CR—CH*"] 


[ 


I 


oc*h 5 


oc*h 6 \ 

H 3 C—CR=CH—CH=CR—CH 3 + 2C 2 H*OH 

Isomerization of alkadienes by cyclization in the presence of acidic 
catalysts may proceed ns follows (R is H or CH 3 ): 

H CH 3 CH 3 CH 3 

| I I I 

R—C^N R—R— 

H S C-C<^J II 3 C-k^.J H 3 C-v^ 

U CH - 

Intermediary esters probably play a role in the postulated steps. 

Isomerization of Alkapolyer.es. The alkapolyenes isomerize by 
shifts of double bonds, conversion of two double bonds into a triple 
bond, and by cyclization or multicyclization. The following isomcriza- 
tions arc typical. 4,8-Dimethyl-l,3,7-nonatrienc cyclized into 1,5-di- 
raethyl-5-allyl-l-cyclohexcne in the presence of 80 per cent sulfuric acid. 53 
2,6-Dimethyl-2,5,8-uudecatriene formed l l 5,5-trimethyl-6-(l-butenyl)-l- 
cyclohcxenc when heated with sulfuric acid containing acetic acid. 64 

Isomerization of Alkynes. A study of the data on isomerization of 
alkynes shows that a 1-alkync will form a 1,2-alkadiene with the aid 
of potassium ethoxide solution, floridin, or heat alone; a 1,3-alkadiene 
in the presence of alumina or floridin; and a 2-alkyne by contact with 
potassium ethoxide solution, pumice, or soda-lime, or when heated 
alone.*• "■ " A 2-alkyne will form a 1-alkyne in the presence of 

sodium, sodamide, or floridin, but the last catalyst also yields a 1,2- 
alkadicne. Contact with sodamide transforms a 3-alkyne into a 1-alkyne. 

61 Grisnard, Ann. ehim. phys.. 17)24. 433 (1901). 

“ Kishncr. J. Russ. Phys Chcm. Soe.. 43. 139S (1911) [Chcm Zenlr I, 1622 (1912)1. 
Faworsky. J. prakt. Chcm.. (2) 37. 382 (1888). 1 

19 ’ l> 414 (1SS7) [Chrm ' Zenlr - 1248 (1SS7)] 
Slobodin, J. Gen. Chcm. ( U.S.S.R. ). 7. 2376 (1937) {C. A.. 32. 2081 (193S)). 
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Heat is always used in isomerization of the alkyncs. In the absence 
of catalysts, high temperatures are required. 1-Hexyne and 1-heptyne 
at 600° without catalysts were partly isomerized to the 1,2-alkadienes 
and a trace of the corresponding 2-alkynes. 68 1-Alkynes or their corre¬ 
sponding sodium derivatives resulted when 2- and 3-heptyncs, 2- and 
3-octynes, and 2-nonyne were treated with sodamide at 160° or heated 
with sodium « 

Isomerization of Alkapolyynes. 1,4-Hexadiyne isomenzed to 2.4- 
hexadiyne when treated with potassium ethoxide solution. 64 The con¬ 
version of 1,5-hexadiync into 2,4-hexadiyne is similar to that of 1,5- 
hexadiene into 2 , 4 -hcxadiene, wherein unsaturated bonds become con¬ 
jugated through the agency of hot potassium ethoxide solution" 

2,2,9,9-Tctramethyl-5,5,G,6-tetra-fcr/.-butylothynyl-3,7-decadiyne gave 
2,2,13,13-tetramethyl-5,l0-di-n-butyl-7,8-di-tcr/.-butyl-tetradeca-5,G,8,9- 

tetraene- 3 ,ll-diyne when heated with alcohol or with xylene at 
120-140°: W M 


CII; 


CH, 

I 

HjC—C—CHa 

I 

C 

III 

c 


CH, 

I 


H|C—C—C=C—C—C~C—C—CH 


CH, 

CH, 

I 


CHa 

CHa 


HaC—C—C=sC—C—C«C—C CH ; 


CH: 


C 

III 

C 

I 

HaC— C—CII, 
CHa 


CH: 


“ Hurd and Christ. J. Am. Chcm. Soc.. 69. 2101 (1937). 

M Guest, ibid., 60. 1744 (1928). 

60 Bourgucl, Ann. chim., llO) 3. 325 (192o). 

•« Behai. Bull. soc. chim.. [2] 60. 029 < I88 S>- 
•* Desgrcz, Ann. chim. phy*.. (7| 3. 209 (1894). 

•• KrafTt and Ilcuter. Bcr.. 26. 2243 (1892). 

“ Lcspieau. Ann. chim.. |0l 2. 280 (1914). 

Sparks, Pcppel. and Marvel. J. Am. Chim. Soc.. 69. 13ol (1937). 
•• Salzbcrg and Marvel, ibid., 60. 1737 (1928). 
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CH, 

I 


CH, 

I 

H,C—C—CH, 
C 

hi 

c 


CHr-CHr-CHr—CH ; 


CHa 
CHa 

HsC—C—C=C=C—CH-. 

I I 

CH, C 

III 

c 

I 

H a C—C—CHa 

I 

CH, 


-CHr-CHa—CHa 


The union of two rearranged free radicals is apparently responsible foi 
isomer formation from the alkynyl hexasubstituted ethanes. 


H. POLYMERIZATION OF UNSATURATED ALIPHATIC HYDROCARBONS 

Polymerization of unsaturated aliphatic hydrocarbons has been the 
subject of much research during the past few years (see Chapter 8). 
Present-day investigations of polymerization are directed toward the 
mass production of polymers having predetermined molecular struc¬ 
tures. The lower-molccular-weight polymers are utilized as high-octane¬ 
rating gasoline or as chemical intermediates. High polymers exhibit 
the properties of plasticity, elasticity, and lubricity, and in many ways 
resemble rubber and drying oils, all of which properties arc of great 
value to science and industry. 

“Polymerization has been defined as intermodular combinations 
that are functionally capable of proceeding indefinitely (or leading to 
molecules of infinite size).”«-« Polymerization may be divided into 
two typos, the combination of identical molecules and the union of 
unlike molecules. The first type has been n-ferred to as true, straight, 
and chain polymerization; the second as inter-, co-, cross, and mixed 

” Cnrothcrs. Chcm. Rev., 8. 354 (1931). 

*' Cnrothers, Trans. Faraday .Soe.. 32. 39 (1936). 
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polymerization. The term conjunct polymerization is applied to the 
reaction in which the formation of the product is effected by another 
type of reaction occurring either simultaneously with, preceding, or 
following the polymerization. Other terms used for this phenomenon 
are cyclo-, hydro-, and dehvdropolymerization, which refer to polymeri¬ 
zation accompanied by cyclization, hydrogenation, and dehydrogena¬ 
tion, respectively. ... 

Generalizations on polymerization of hydrocarbons are given as 

follows: “• 70 , , 1*1 

1 Hydrogen atoms on the unsaturated carbon-carbon linkage are 

necessary for polymerization. Some exceptions have been noted. For 
example, the product of dimerization of propadiene was 1 , 2 -dimethyh- 
denecyclobutane, which indicates that the reaction began on the un¬ 
hydrogenated atoms. 71 The mechanism proposed is as follows: It is 
considered that polymerization of two olefins proceeds primarily by 
the addition of a hydrogen atom and an u..saturated alkyl radical to 
a double bond. The double bond in the acceptor molecule is saturated 
by a hydrogen atom and an olefin radical supplied by the donor mole¬ 
cule. The active hydrogen atom in the donor molecule is taken as 
the one attached to a terminal carbon having a double bond or to 
that double-bonded carbon atom to which the smaller alkyl group .3 

“t^cbpoiymerization tendencies decrease (with a few exceptions) as 
the molecular weight increases. When the double bond is in the termi¬ 
nal position of the molecule, its tendency toward poly.nenzation s 
greatest, but when the double bond is shifted toward the center, the 
molecule acts more like an alkane. 

Chain mechanisms propagated by free radicals or by ac waled mole¬ 
cules have been suggested as probable explanations for polymerization. 
Free radical propagation is illustrated by the following equation. 

R-CHr-CHr— + CH«=CIU — R—CHr-CH«—CHr-CHr- 

A polymerization supposedly of this type was initiated by the use of 
mercury vapor and light. 77 Tin- polymerization stopped when illumina¬ 
tion was removed. Chains of the free-radical type are broken by any 
means capable of terminating the free radical, particularly in this case 

•• Wachtor, Jrul. Eng. them.. 30. 822 (1938). 

" EE£“r. Soc.. « 2 >3S7 „0,3, ,C. A.. 9. 70S <1916... 

:k:»• •» 

(1940). 
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by the interaction of two growing polymers. Parallel to this reaction, 
a “normal direct polymerization” propagated by activated molecules 
was carried out by illumination of the reactants. The activity con¬ 
tinued after illumination ceased. Termination of this polymerization 
may be brought about by hydrogenation or addition of any substance 
capable of reaction with the double bond and by the reaction 

—CH=CH 2 + CH2=CH-► —CH 2 —CH=CH—CIIz— 

in which the double bond is removed from the terminal position. Chain 
propagation by activated molecules may be represented by the equa¬ 
tion 74 

CHz=CRiR 2 -* H 2 C=CRiR 2 

(Activated state) 

I + CH*=CRiR2 
(—CH*CR,R2— )n 

Polymer 


Polymerization of Alkenes. Alkenes undergo polymerization at 
moderately high temperatures, but decomposition and isomerization arc 
competing reactions. 76 Thermal polymerization of ethene at 330° and 
61 atmospheres resulted in the formation of polymeric alkanes, alkenes, 
and cyclic products. 76 In the polymerization of ethene, addition of 0.02 
per cent oxygen was found to double the yield over that obtained in 
the absence of oxygen.” Elevated temperatures were undesirable in 
the polymerization of ethene since decomposition began around 525° 
and at 570° the pyrolysis products, hydrogen, methane, and ethane, 
were found. 78 


In the presence of catalysts, alkenes polymerize without undesirable 
side reactions. Proper choice of catalyst and reaction conditions makes 
possible the formation of polymers with specific properties. For example, 
high-octane gasoline has been obtained from the simultaneous polymer¬ 
ization and hydrogenation of isobutene in the presence of phosphoric 
acid-nickel ox.de-.ron catalyst.” Alkenc polymerizations have been 
carried out with catalysts such as alumina on silica," boron trifluo- 

74 Chalmers. Can. J. Restarch. 7. 113 (1932). 

(1937) E p°2«! Re “' UOM Purc " ydrOCOrbon; -'' Iici " bo '' 1 Publishing Corp. New York 

7*7 Q r nd P ' nM ’ InJ ‘ Eng • Chem • 27 - *304 (1935). 

•Storch. J. Am. Chtm. Soc.. 66. 374 (1934) 

71 Pease, ibid., 62. 115S (1930). 

» Ipoticff a„d Kom.row.ky, /nd. £„ t . C hc m .. ». 958 (I037) 

Gay on ibid.. 26 . 1122 (1933). 
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ride, 81,82 chlorides of aluminum, 83, 84 magnesium, 85 and zinc, 83 phosphorus 
pentoxide, 86 and phosphoric 87, 88 and sulfuric acids. 89, 90 Polymeriza¬ 
tion of propene over alumina, alumina on silica, or floridin resulted in 
the formation of liquid alkenes of five to nine carbon atoms and some 
alkanes. 80 

Alkene polymerization using aluminum chloride may involve cycli- 
zation and hydrogen disproportionation. In the polymerization of 
ethene with aluminum chloride, hydrogenation, dehydrogenation, and 
cyclization occur to such an extent that the products consist of alkanes 
and cyclenes. 91 The presence of traces of water vapor or hydrogen 
chloride was necessary for polymerization of ethene with pure aluminum 
chloride as catalyst. The products from ethene with anhydrous alumi¬ 
num chloride at 180° were liquid hydrocarbons and an aluminum chlo¬ 
ride complex which indicates that the mechanism of polymerization is 
similar to that of the Fricdel-Crafts reaction.* 

Polymerization of propene and butenes in the presence of 100 per 
cent orthophosphoric acid has been shown to take place through inter¬ 
mediate ester formation with subsequent regeneration of the acid. * 
The reaction may take place as indicated: 


CH, 


/ 


OH 


CH; 


CHa r 


•CH—CH, + H,P0 4 — H—C—O—P—OH 

CHa 

CH, 




'OH 


h 4 -i O—P—OH 

N> 


A 


ia .. 


i -1 / OH ! 

H—C—j O— P—OH 

I ^O 

CH, — i 

CH, 

I 

2Il,PO« + HC—CHj 
CH, 


-CH=CH 2 


•• Ruthruff, -Action of Boron IlaUdcs on Hydrocarbons.- paper presented at Am. 
Chcm. Soc. Mooting. Boston. September. 1930. 

•* Otto. lircnnaloff-Chcm.. 8. 321 (1927). 

•» Ipatieff and Hutala. Her., 46. 1748 (1913). 

B^irk^'Cataly'sia and Polymerization," paper presented at Am. Chcm. Soc. Meet- 

,n8 ’»6 B Mal^hcv. Ocl-Kohlc Erdocl Tccr, 14. No.23. 479 1 (1038). 

« Ipatieff and Schaad. Ind. Eng. Chcm.. 30. 696 (1938). 

*• Ipatieff and Corson, ibid.. 27. 1069 (1936). 

” Ormandy and Craven. J. Inal. Petroleum 7 rc/.. 13 844 (19-7). 

•° Ormandy and Craven. J. Soc. Chcm. Ind.. 47. 317T M28). 

•» Ipatieff and Crosse. J. Am. Chcm. Soc.. 68. 916 (1936). 

” Ipatieff, Ind. Eng. Chcm.. 27. 1007 (1935). 
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From the evidence obtainable, it seems that asymmetrical substitu¬ 
tions favor dimerization and other polymerization reactions, although 
the supporting data are derived essentially from the aromatic rather 
than the aliphatic series. 93 The dimerizing agent is usually an acid such 
as phosphoric or sulfuric and the reaction may momentarily involve the 
addition of a proton. 94 When the proton is added, changes take place 
which are characteristic of an atom deficient in electrons; polymerization 
is one of these. 

Alkene polymerizations carried out in the presence of sulfuric acid 
may form alkanes, alkenes, and cyclic hydrocarbons. 89, 90 In addition 
to dimeric polymers, higher polymers were produced from isobutene in 
contact with more concentrated acid. 98, 96 , 97 As with phosphoric acid, 
sulfuric acid-catalyzed polymerization of alkenes involves the formation 
and decomposition of intermediate esters. 98 

Polymers of cthcnc have been produced by the ozonizer, semi-corona, 
and the clcctrodeless discharge. 99 Reactions carried out in the ozonizer 
gave dimers and trimers of propenc, 2-butene, and isobutene. Dehydro¬ 
genation was the primary reaction with the subsequent formation of 
heavy liquid polymers. 

Polymerization of Alkadienes. Lebedev in discussing polymeriza¬ 
tion of allenes gave the following principles concerned with that re¬ 
action: 100 


1. Allenes “polymerize much more readily than the divinyls.” 

2. “In the polymerization of allenes the union of molecules takes 
place at the central carbon atoms, these being the least saturated. This 
gives rise to both cyclic and spiral arrangements.” 

The more highly unsaturate,1 carbon atoms arc the first to react in 
the formation of cyclic produc is from allcnic molecules; thus propadiene 
dimerizes to 1,2-dimcthylidcnecyclobutanc: 71 


H a C=C=CH*+ H a O=C=C H t 


ii 2 c c=ch 2 

\c/ 


Bcrgmano, Trans. Faraday Soc.. 35. 1025 (1939). *** 

• 4 Whitinorc. Ind. Eng. Chcm., 26. 94 (1934). 

M Lcbcdov and Koblionsky, Der., 63B. 103 (1930). 

** McCubbin. J. Am. Chcm. Soc.. 63. 350 (1931). 

,T IpaticfT and Pines, J. Org. Chcm., 1. 40-1 (193G). 

“ High PraSUt “ "" d T «P— u Macmillan 
99 1 homos, Egloff, and Morrell, Chcm. Rev., 28 1 (1941) 

W "l S5Ji” “ nd MCr ' ihkoVskii - J - r^.Clum. Sot.. 45. .249 (19.3) [C. A., a 
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Thermal polymerization at 270“ of the non-eonjugatcd 1 ,4-pentadiene 
results in the formation of l-methyl- 2 -propenylcyclohexene.'”' This 
product is probably formed as a result of isomerization preceding dimeri¬ 
zation, but the possibility of initial formation of the dunenc free radical 

CH 2 =CH—CH 2 —CH—CH 2 —CH 2 —CH—CH 2 —CH—CH 2 , may not 
be entirely eliminated. 102 . , , 

Alkadieneshaving substituents on the non-terminal carbons of he 
jrroun C=C—C=C polymerize more readily than those in which the 
terminal carbons of the conjugated group are substituted. The rate of 
polymerization is also increased where ring fonnarion occum in tin 
chain containing the conjugated system At 7o0 , 
diene formed a series of aromatics- The conjugated alkatheru, 2 4- 
hexadiene, polymerized readily at temperatures between 100 and 

1 rpo ioo ... 

Catalytic polymerization of alkadienes is brought about by various 
substances especially the alkali and alkaline-earth metals. The oigano- 
metallic derivatives of the alkali metals catalyze condensation of alka¬ 
dienes to unsaturated polymem, saturated polymers, and bo ha .cyclic 
and aromatic compounds. Catalytic polyrTrcri.n o" ^ducts, ofa 

..... u«i .o 

that the ring closures occurred in the following . tage . 


H ¥* 
(H)C=C — 


II 

-C*CHa 


CII, 

1IC=C 


H 

:C=CH* 


cm 

IIC=C— 


1 


HaC 


C-C=CIIa 


HaC-C 


CH- 


/ 

-C-CHa 
II CH, 


II 

-C-CIla 

I 

II 


HaC-C- 

H 


C=CHa 

l 

CM, 


- Farmer. Trans. Faraway**.. "ll. 

-StaudinKcr End*^ ^ 31. 6318 (1937,1- 

,0< ° 





16 


ORGANIC CHEMISTRY 


^ H H CH 3 
(H)C=C-C=CH, 

f I f 

h 2 c=c-c=ch 2 
- J ch, 


H 9** 
c=c-c=ch 2 

(H>\ 

H\ S 

h 2 c-c-c=ch 2 

H CH, 
ii 


H 9^ 
C=C-C=CH 2 

► I H H 

HjC-C-C-CH* 

H CH, 


HCH 3 

h 2 c=c-c=ch 2 

V s ! 

h 2 c=c-c=ch j 

H CH, 1 “ 


H CH, 

H*C=C-C—CH* 

• X'H 

h 2 c=c-c=ch 2 

H CH, 
iii 


H CH, 


h 2 oc-c-ch 2 

• If I 

H-C-C—C=CH 
H H CH, 


Probable mechanisms of polymerization in the presence of alkali metals 
are (a) the formation of addition compounds with the alkali metal 108 and 
(6) free-radical chains. 107 

n H it. it it h 2 


(a) 


H 

ii 

H 2 C—C—C=CH 2 -f- 2Na 
H 



H 2 H 

I I 

Na—C—C® 
H H 2 


H 

I . 

=C—C—Na 


H 2 h 2 H 

I II,, 

0=0—C—Na + 2C=—C—C=C 


Na— 


( 0 ) 



H H II, 

IIjC=C—C=C -f Na —i 

h 2 H H H 2 H H 

Na—C—C=C—C— + H,C=C—C=CH, 


II, H, H H H, 

I I L I I 
—C—C—C—c—c—Na 

H. 


H a II II H, H. II 


ii n 2 

I I 
c—c— 


— ^ v/ 

Condensations of 1,3-butadiene and 2-methvl-l 3 hntnrKo,»« i 

b ” “™ d ln ll ” — :: 
109 AKlm .. — .I I -. . . 


Abkin and Medvedev, ibid .. 32. 2S0 (1930). 

‘ IJerRinann, ibid., 32. 295 (1936). 

2 v i0g ! Cr a ^ d K,oinor - An »- 473. 57 0929). 

Z,e * Icr - D °rsch. and Wollthan. Ann.. 511. 13 (1934). 
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The stepwise reaction probably involves 1,2- or 1,4-addition of the 
potassium and the phenylisopropyl group: 




CJI* 
H,C—C—CH 


c—cn, c— ch, 
II II 
CH, CH, 


C*H» 


H»C—C—CH 


CH, 

k 

C—CH, 
H,C—K 


CH, H 

h,o=<!:— i=*cu, 


CH, H,C—K 

I I 

CH CH. etc. 

II H 

C—CH.C-CH. 
CH,-CH, 


Titanium chloride in chloroform and stannic the 

d° r t mati 7 polymerization 

vapor as a result f I» '■ ■ quantum of light was independent 

number of molecules polymer ^ apparenUy initiatcd by the 

i .ST-ih .he ~c*e» proceeding » <oll„™ 

Hg * + C Hi=CH—CH“CH« - U> Hg-CH I -CH=CH-CH 1 - 


or 


(2) Hg—CH*—CH—CH-=CHa 


_ f ^nominates over (2). The reaction occurs partially 

ItTe surface with both deactivation and activation of polymers taking 
place at the surface. 


*««> Wagncr-Jaurcgg. Ann.. 496. 62 < 1932) * .. 

mStaudingor and LautenschJjgor A„„^48 8 . 1 (1931). 
«* Geo. Trane. Faraday Soc.. 34. 712 (1938). 
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Polymerization of Alkynes. Thermal polymerization of ethyne to 
benzene and other aromatic hydrocarbons has been known for 
years. 11 ’ Between 300° and 500° thermal polymerization of ethyne 
occurs without excessive decomposition of the hydrocarbon. 114 At the 
beginning of the polymerization, there is apparently a bimolecular, 
homogeneous reaction. 114 ' 114 Evidence indicates, however, that in later 
stages polymerization is a unimolecular process. Both aliphatic and 
aromatic compounds may be obtained from catalyzed alkyne polymeri- 
zations. 117 It is postulated that the polymers of ethyne contain cyclic 
structures (n * number of molecules of but-l-en-3-yne): 118 

C==CH 



Aliphatic compounds were obtained from ethyne in the presence of 
cuprous chloride, ammonium chloride, metallic copper, and moisture. 119 
The reaction probably involves the formation of complex cuprous salts 
of ethyne: 

HC*CH + =C=CII 2 — HC«C—CH—Oil, 

(Cuproua 

complex) 


H 2 C—CH—CaCH + =C=CII 2 — IIaC=ClI—C=C—CH—CH* 
HaC=-CH—C«CH + —C—CH—CH—CH, -* 

H*C—C11—CsC—CH—C H—C11—CII 2 


Cyclic polymers are formed from ethyne when it is heated in the pres¬ 
ence of acids, acid anhydrides, or phenols. 118 By using an electric 
discharge, polymerization of alkynes to alkadiynes and alkadienynes 
was cfFcctcd.* 20 Photopolymerization gave both aliphatic and aromatic 
polymers. 121 • 122 ' 123 

m Borthelot, Bull. soc. chim., (2) 11. 4 (1SG9). 

1,4 Schlilpfcr and Brunner. /Mr. Chim. Acla. 13. 1125 (1930). 

1,4 Pease, J. Am. Chim. Sue., 51. 3470 (1929). 

1,4 Taylor and Van Hook. J. Phys. Chcm.. 39. 811 (1935). 

1,7 Kato and Aikawa. J. Klcklrochcm. Assoc. Ja/Min. 3. 2G1 (1935) (C. A., 30. 2555 
(1936)) ; Iki and Ogura. J. Sac. Chcm. I ml. Ja/xin. 30. 4G1 (1927) (C. A.. 21. 3040 (1927)1. 

1,1 Dykstra, J. Am. Chcm. Soc.. 66. 1G25 (1934). 

1,9 Nicuwland. Calcott. Downing, and Carter, ifciYf.. 53. 4197 (1931). 

130 de Saint-Aunay, Chimic A Industrie. 29. 1011 (1933). 

131 Lind and Livingston. J. Am. Chim. Soc.. 64. 9-1 (1932). 

133 Kemula and Mrazck. Z. physik. Chcm.. 23B. 35S (1933). 

,3S Livingston and SchiOctt. J. Phys. Chcm.. 38. 377 (1934). 
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Ethyne polymerizes when subjected to the o-rays from radon. 13 * A 
mercury photosensitized reaction at temperatures up to 500 gave 
ethyne polymers containing 200 carbon atoms.- The rate of reaction 
was independent of the ethyne pressure but was proportional to the 
rate of chain initiation, which depends upon light intensity. The chain 
reaction involving a complex activated mercury-ethyne combination 
may be stopped by a "collision between an ethyne molecule and the 
polymer, of a different character to the propagating collision. 

Ethyne also combines with alkenes to form unsaturated hydrocar¬ 
bons of higher molecular weight- Although thermal polymerization 
of an alkyne and alkene at higher temperatures yields alkadienes, ther¬ 
mal polymerization at lower temperatures and catalytic polymerisation 
yield allies of higher molecular weight.- « 1 he alkadiene probably 
results from isomerization at the higher temperatures. 

m. ALKYLATION OF ALKANES 

One of the most important processes in hydrocarbon chemistry is 
the acylation of an alkane with an alkene. The reaction of isobutane 
with alkenes, discovered by Ipatieff, was the beginning of many studies 
resulting in the commercial use of this fundamental reaction. The ab¬ 
lation of aliphatic hydrocarbons is an important reaction ,n he com¬ 
mercial production of aviation gasoline. Alkylation is the basis for 
producing neohexane ( 2 , 2 -dimcthylbutane) from isobutane and ethene, 
or 2 , 2 'ltrimethylpentane from isobutane and isobutene, now commer- 

repl^ment of hydrogen atoms of an alkane by alkyl groups. Polymer,- 
2fiT?31- -."be considered as alkylation. These reactions are 

discussed separately under “Polymerization. 

IsSanes are readily alkylated at or above room temperature when 
hornn trifluoride nickel and hydrogen fluoride are used together as the 

reactions of isobutane, 2-methylbutane, and 
2*2 4 -trimcthylpentanc with ethene, and isobutane with isobutene, a 
seri'es^oHsoaUeancs containing even and odd numbers of carbon atoms 
per molecule is always obtained. The cracking reaction accompanies 

the alkylations t8 . 209 u#3 9 > , c . A. 

Mund. Vclgho. Dovos. and Vunpco. ouu. 

38, 0145 (1030))* «« 258(1038)- 

:» onn-ia ana Co LU... I-ondon 11918), p. ZS3. 

■» Ipatieff and Groaac. J. Am. Ch'm. Soc.. 67. 1816 (1935). 
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The abnormal behavior of 2,2,4-trimethylpentane under ethylation 
can be ascribed to a dealkylation into isobutane and isobutene. The 
boron trifluoride apparently acts by formation of complexes with the 
alkane. The action of aluminum chloride on n-butane, n-hexane, 
nr-heptane, and 2,2,4-trimethylpentane has been assumed to be a split¬ 
ting of the original hydrocarbon into a smaller alkane and an alkene 
•^which immediately alkylates other alkane molecules present. 8 

Further investigations of alkylation have shown that the reaction 
is a general one for higher alkanes. 130 The alkylations of isobutane and 
n-hexane with etliene were catalyzed by aluminum chloride at about 
15 atmospheres pressure. 130 • 131 The products were alkanes up to dode- 
canes from isobutane and higher-molecular-weight products from n- 
hexane. 

Alkylation using aluminum chloride at low temperatures and atmos¬ 
pheric pressure produced a monoalkylation. 132 Very low temperatures 
( — 100°) were undesirable, since inactivity of the alkanes caused poly¬ 
merization of alkenes to predominate over the alkylation reaction. 
Alkylation of isobutane with a mixture of 1- and 2-butenes at —35° 
yielded isooctanes and isododecanes in a 5 : 1 proportion. The isooc- 
tanes are made up largely of 2,2,3- and 2,2,4-trimethylpentane, which 
indicates that some isomerization of the n-butenes to isobutene took 
place. These reactions arc illustrated as follows: 


(1) 

( 2 ) 


II 

I 


II H* 


II H 2 


- - - • - - • 

HjC—C—CH, + H 2 C=C—C—CH, —* H,C—C-C—C—CH 

I I I 

CH * CH, CH, 

HiC—CH— C? a—CH, ~> HaO=C—CH, 


CH: 


H 

I 


CH, H, H 


H.C— C-CII, + H,0=C—CHj 


CH, 


CII, 


H 

I 



H II, H, II 
HjC—C—C—C—C—CH, 

I I 

CH, CH, 

G I OS r,' f inC '' ond Konmrow.-ky. B8, 913 (1036). 

Ipatieff, Catalytic Reactions at Hich Pro3sure« nml T^m . .... ... 

Co., Now York (1930). p. 673. ^ l urco nnd 1 >'npcrntu r o 5 . MacmiUa 

Pin ° 3 ' Gro “°' “ nd Ipatieff. J. Am. Chm. Soc.. 64. 33 (1942). 


H,C—C—CH, + H,C=C—CH, 

I | 

CH, CII, 
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Catalysts less active than aluminum chloride can be used to advan¬ 
tage at higher temperatures. Isobutane and ethene reacted at 100° in 
the presence of zirconium chloride, yielding 99 per cent of alkanes. 1 "- lM 

Several investigators have described alkylations of isoalkanes by al- 
kcnes in the presence of concentrated sulfuric acid at ordinary tempera¬ 
tures. The use of too highly concentrated acids leads to carbonization, 
oxidation of hydrocarbons, and a decrease in the octane rating and yield 
of the alkylate. An excess of isoalkane over that required for equi- 
molecular addition to the aikene results in an increased yield of aviation 
gasoline and in a decreased amount of high-boiling hydrocarbons. Evi¬ 
dently, such excess of isoalkane prevents or reduces polymerization of 
the alkenes. Highly branched alkanes were formed from isobutane by 
addition of the following alkenes in the presence of sulfuric acid: 1-bu¬ 
tene, 2 -butene, isobutene, and 2 -methyl- 2 -butene. 

Alkylations in the presence of sulfuric acid proceed by the union of 
an alkyl group containing a primary carbon atom with an unsaturated 
group containing a tertiary or quaternary carbon atom: 


H 

H*0=CH 4- H,C—C—CH, 


H Ha II 


CH- 


I 

CHa 



C1I, CHa 


CH, H 

H a C=C + HaC—C—CHa 

| I 

CH, CH, 

CH, Ha H 

HaC=C + HaC—C—C—CIla 


CHa 


CH; 


CH, Ha H 

HaC—C C—C—CIIa 

I I 

CH, CH, 

CH, H, Ha H 

I I I I 

HaC—C-C—C—C—CH, 

I I 

CH, CH, 


Alkylations of isoalkancs by alkenes arc assumed to involve: (1) the 
formation of an intermediate complex between the isoalkane and sul¬ 
furic acid; (2) the transfer of a proton from the sulfuric acid to an aikene, 
whereby the last molecule forms a positive or carbomum fragment; 
(3) the restoration of the issuing hydrogen sulfate part by the transfer 
of a proton from a terminal methyl group of the attached isoalkane, 


m Ipatieff. "Catalytic Reaction* at High Procure* and Temperature*." Macmillan 
and^Koinarcwsky. poper presented at Am. Chcrn. Soc. Meeting. 
6 ° n . ImrlCiuntL. Fidler. Pim. and Tait. /nd. C^n.. 31. 1079 (1939). 
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making the latter a carbanion; and (4) the union of carbamon and car- 
bonium ion with liberation of free sulfuric acid. 13 * These steps arc 
patterned after the mechanism for an acid-catalyzed polymerization, 
and are illustrated as follows: 


«+ 

CH, 


6 + 

CH S 
i «- 

-► CH <- 

HO 6 

\ ++ / 
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*+ 

CH, 


HO O CH, 
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HO O CH, 
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CH, 

HO 0 CH, 

CH, 

HO O CH, 

1 

HO O CH, 

CH, 

CH, 

1 

CH, 

1 
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\// 

-C—CH*—CHC—H,+ H*S0 4 4- 

CH, 

CH,—C © 

1 

CH, 

S CH—CH*© 

/ W 

HO O CH, 


CH: 


The foregoing representations, however, arc attended both by the 
general difficulties of the carbonium-ion theory and by disregard of de- 
hydrogenation-hydrogenation and other reactions occurring in the 
presence of sulfuric acid. Numerous secondary reactions accompany an 
alkylation catalyzed by sulfuric acid. For example, the butene and 
incthylbutanc reaction may proceed as indicated: 

H H, 

I I 

H,C=C—C—CH, 

H H, 

I I 

II,C—C—C—CH, + H,C—C=C—CH, 

I I I 

CH, H II 

or 


or 


H*C—C—CH. 


JJ 


CH 


,M Birch and Dun a tan. Trana. Faraday Soc., 3B. 1013 (1939). 



THE REACTIONS OF ALIPHATIC HYDROCARBONS 
CH, H, H, H 

I I I I 

HjC—C-C—C—C—CH, 


23 


CH; 


H Hs H, 


I 

CH, 

IT 


H,C—C—C—C—CH, 


I 

CH, 


or 


H, H H, H 

H ,C—C—C—C—CH, + H,C=C—CH, 


CH: 


or 


H II 

H,C—C—C—CH, 

CH, CH, 

One observation seriously contradicts the carbonium-ion theory of alky- 

la,ion, namely, the formation of and sulfuric 

addition of diisopropyl sulfate to a mixture 

^‘e foregoing examples ^ ^ 

fluoride, aluminum chloride, zircon nmeedurcs Other alkyl- 

as catalysts, present “J urc or of more complicate.! 

ation processes arc either oi muiuu 

catalytic character^ , is pro< u.eed commercially by the 

Neohexane (2,2-dimethj.11 ■ )- I_ vola| ., jtv aviat i on fuel. 1 " 

thermal process “nd marketed^: \ ^ ^ tomporaturPS about 500° 

an/r-o5 a :ShX r ^ 

thermal alkylations proceed with- 

out isomerization: 

„ . Km 31 No. 48. R-502 (1939) ; Oil Gaa J .. 38. 

>» Oborfell and Frey. Nall. P'lrol'u™ No r». 31. is 

No '.-Flo°yl 9 dH 0 pp. !«,. ««, £ >«e 00301. 
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H 2 

H 3 C— C— CH 3 + H 2 C=CH 2 




H3C—C C—C—CH3 

I I I 

Ht H 2 H 2 
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I I 

CH 3 Hs 


H 

i 

H a C— C—CH» + H 2 C=CH 2 

I 

ch 3 
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ch 3 h 2 
I I 

H 3 C—c—c— ch 3 

I 

CH, 



CII 3 


The alkali aluminum chlorides arc active catalysts for alkylation 
only when (a) the alkane is introduced in excess of the alkene to lessen 
the competitive reaction of polymerization, (6) alkcnes of small size are 
utilized to decrease the polymerization tendency, (c) moderate rates of 
hydrocarbon input are maintained to obtain an appreciable alkylation, 
(d) optimum temperatures are used for the particular catalyst selected, 
and (e) fresh catalyst is used. The alkali aluminum chlorides were 
selective toward alkylation of isobutane for about 5 hours and functioned 
thereafter as polymerization catalysts. 


IV. DEHYDROGENATION OF ALIPHATIC HYDROCARBONS 

Thermal dehydrogenation of alkanes to alkenes, alkadienes, and 
alkyncs has been recognized for a long time, but the reaction shows no 
select 1 ve production of alkcnes and alkadienes in high yields. 1 " In re¬ 
cent years, catalysts have been found which arc selective and bring 
about almost, quantitative dehydrogenation of ethane, propane, n-bu- 
tane, and isobutene to the corresponding alkcnes, and of butenes, 
isobutene, and pentenes to alkadienes. Cracking of the carbon-carbon 

'1 u , T nated for ".' c most P art in “>«* catalytic miction while 
thermal dehydrogenation is accompanied by considerable cracking. 
Commercial importance of the resulting alkenes is found in the manu- 

(1937,fpp”' *."5r ,,0 “ °' , ‘ U ' C Hydro '“ ,b °“." Publbhiag Con... New York 
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facture of high-octane-rating gasoline by conversion of the butenes into 
isooctanes through alkylation and hydrogenation. The isobutene and 
butadiene from butanes are used as basic materials in the production of 
synthetic rubber and resins. 

Dehydrogenation of Alkanes. A comparison of thermal with cata¬ 
lytic dehydrogenation, at 600° and 1 atmosphere pressure of n-butane, 
shows only 14 per cent conversion to butenes in the thermal reaction 
while over 95 per cent conversion was obtained in the catalytic reac- 
tion. 142 Dehydrogenation is considered thermodynamically impossible 
except at elevated temperatures, and alkanes, especially the higher ones, 
decompose at these temperatures. 1 " The equilibrium constants for the 
first four alkanes from 350° to 500° in reactions catalyzed by chromium 
oxide gel with no appreciable side reactions, show that dehydrogenation 
increases with temperature and the shorter chains are more stable than 
the longer chains at higher temperatures as indicated in Table II. 



TABLE II 




K 

350° 

400° 

450** 

500° 

(C*H4)(H 2 ) 

Call* 


0 00015 

0.0007G 

0 0032 

(CaH 6 )(H 2 ) 

c 3 h 8 

0.00038 

0.0022 

0 0074 


(CH*CH 2 CH=-CH 2 ) (Hi) 
CH 3 CH 2 CII 2 CH 3 

0 00045 

0.0022 

0 0075 


((rarw-CH 3 CH=CHCH s )(II 2 ) 

ch 3 cii 2 ch 2 cii 3 

0 00083 

0 0039 

0.014 


(cta-CH 3 CII==CHCII 3 )(H 2 ) 

ch 3 cii 2 ch 2 cii 3 

0 00052 

0.0025 

0 0087 


((CH,)*C—CH 2 )(H 2 ) 

0 0017 

0 010 

0.042 



(CHj)jCHCHj 


The first requisite of the catalyst is that it must promote splitting 
off of hydrogen without cleavage of the carbon-carbon bond. 1 " Com¬ 
pounds which catalyze dehydrogenation at lower temperatures are not 
used unless capable of selective activity above 500 , since equilibrium 
shifts toward the alkane below 500°. Accumulation of carbonaceous 
deposits and other materials foreign to the reaction deactivates the 
catalyst; therefore the catalyst must be capable of rapid regeneration 

141 GrosBO, Ipatieff. Egloff. and Morrc-ll. V.oc. Am. Petroleum luel., 20 III, 110 (1930) 

»« Frey and Huppko. Jnd. Eng. them.. 25. &4 (1933). 

144 Grosac and Ipatieff, ibid.. 32, 208 (1940;. 
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under commercial conditions. 144, 145 Excessive temperatures may dis¬ 
rupt the physical structure of the catalyst, and then regeneration is not 
possible . 146 

From consideration of chemical composition, the oxides of the tran¬ 
sition metals of groups IV, V, and VI, such as chromium, molybdenum, 
vanadium, titanium, and cerium, are the best catalysts . 144 Chromium 
oxide has been used most extensively. When used in reactions of hydro¬ 
carbons having six or more carbon atoms, it also catalyzes cyclization of 
the carbon chain. The oxide is more active when supported on a carrier 
of relatively lower activity such as alumina. Activated alumina alone 
promotes dehydrogenation but is less effective than chromium oxide on 
alumina . 146 Chromium oxide is active in the gel form at 400° but is 
unstable at 500°. The gel form is not useful for dehydrogenation since 
equilibrium is on the alkane side at lower temperatures. Alumina also 
modifies the activity of compounds which are too active for use as de¬ 
hydrogenation catalysts. Iron oxide in gel form, for example, catalyzes 
disruption of the hydrocarbon molecule, but promotes selective dehydro¬ 
genation when employed on an alumina carrier. Aluminum oxide was 
used as carrier for nickel oxide, vanadyl sulfate, zinc oxide, and reduced 
nickel; it rendered them effective in reactions carried out at 500° to 600°. 
The high adsorptive activity as well as the porous solid structure of 
alumina seems to be the reason for its suitability. Relation of high ad¬ 
sorptive capacity to catalytic activity is evidenced by the necessity of 
small amounts of water or hydrogen sulfide in the reaction. 

The temperature range suitable for catalytic dehydrogenation of 
alkanes 144 is between 500° and 750°. When chromium oxide on alumina 
is used, however, temperatures between 500° and 600° are adequate. 
The reaction is successfully carried out at atmospheric pressure. The 
readiness with which dehydrogenation takes place increases as the size 
of the hydrocarbon molecule increases up to a maximum at which 
cracking or carbon-carbon scission takes place . 143 As the time of reac¬ 
tion is lengthened, dehydrogenation increases to a maximum, after 
which secondary reactions begin to complicate the reaction. In experi¬ 
ments with copper on pumice, the following reactions, ( 2 ) and ( 3 ) 
predominated over (l), but the relative extent of reaction ( 1 ) was in¬ 
creased by shortening the contact time . 146 


( 1 ) 

( 2 ) 

(3) 


C4II10 ► C«H(j + H* 
C 4 H 10 — C*H e + CH 4 
CJI.o -> CjH 4 + C 2 II 6 


!“ M U „? in - Gr0 ‘ 1 :. and R ? bort8 - 0,7 37. No. 17. 4S (1940). 

Matignon, M, nK . and Florcntin. Compt. rad., 194 . 1040 (1932). 


THE REACTIONS OF ALIPHATIC HYDROCARBONS 


27 


The presence of small amounts of water vapor, about 0.1 mole per cent 
introduced with the hydrocarbon, seems to be necessary. 147 Without 
this moisture, the catalyst is inefficient, but with excess moisture, the 
activity is also decreased. The action of the water is probably the for¬ 
mation of a monomolecular layer over the catalyst and regulation of 
the state of hydration of the alumina. The postulation has been made 
that the monomolecular layer is the seat of dehydrogenation and that 
the reaction may occur between the carbon-hydrogen bonds of the al¬ 
kane and the activated hydrogen-oxygen bonds in the adsorbed state. 
Hydrogen sulfide and other compounds containing hydrogen bonded to 
an electronegative element function in the same manner as water. 

Dehydrogenation of Alkenes. Conjugated alkadienes result from 
the catalytic dehydrogenation of the alkenes. Whether 1- or 2-butene 
was used as starting material, the final product was 1,3-butadiene. 148 
Likewise the pentenes and methylbutenes yielded 1,3-pentadiene and 
methyl-1,3-butadiene, respectively. A tendency to form allene type 
products was not observed with butenes and pentenes, and propenc 
yielded predominately carbon and hydrogen when subjected to dehydro¬ 
genation conditions. Alkynes arc not formed in the catalytic dehydro¬ 
genation of alkenes, and starting with butadienes under dehydrogenation 
conditions, the reaction yields liquid polymerization and condensation 
products. The catalysts used for dehydrogenation of alkanes to alkenes 
are effective in producing alkadienes from alkenes. The equilibrium 

H 2 C=CH—CH*—CHj *=5 CH*—CH—CH—CH, + II 2 

is shifted to the right by both increased temperature and diminished 
pressure. The amount of butadiene from 2-butene at 700° was also 
increased by the presence of magnesium oxide, zinc oxide, silica gel, 
platinum, iron, copper, and charcoal." 9 Yields decreased in these ex¬ 
periments when the velocity of the incoming butene was increased or 
the time of reaction shortened. Carbonaceous deposits arc formed to a 
greater extent in the dehydrogenation of alkenes than of alkanes. By 
shortening the contact time, carbon formation may be minimized. 148 

V. DEHYDROCYCLIZATION OF ALKANES AND ALKENES 
TO AROMATIC HYDROCARBONS 

For a long time, aliphatics and alieyclics have been known to give 
low yields of aromatic hydrocarbons at high temperatures by cracking. 141 

147 Bee k. Nature. 136. 1028 (1936). 

**• Grou*c, Morrell, und Muvity. hid. Eng. dun,.. 32. 309 (1940). 

,4 * Fedorov, Hmirnovu. und Semenov, J. Applied Chem. {U.S.S.R.), 7. 1100 (1934.' 
1C. A., 29. 6808 (1935)]. 
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In recent years, however, a new reaction of catalytic dehydrocyclization 
or aromatization has been used to convert alkanes and alkenes of six 
to ten carbon atoms into aromatic hydrocarbons in almost theoretical 
yields. The products obtained are those predicted when rearrangement 
of the hydrocarbon skeleton prior to cyclization does not take place. 
For example, n-hexane or n-hexene and n-heptane or n-heptene yield 
benzene and toluene respectively. Thermodynamic considerations in¬ 
dicate that dehydrocyclization should be carried out 150 above 300°. 
Since the aliphatic hydrocarbons decompose at these temperatures, 
aromatization requires the selection of a dehydrogenating catalyst that 
does not split the carbon-carbon linkages. A catalyst which can readily 
be reactivated is necessary since the catalyst is poisoned by accumula¬ 
tion of hydrogen, water vapor, oxygen, by-products, and carbonaceous 
materials. ,i0 * 161 The more efficient catalysts are found in the oxides 
from metals of groups IV, V, and VI of the periodic table. Certain 
variations of these oxides promote an almost quantitative reaction. 152 
Alkenes, however, arc not wholly eliminated as products of the reaction 
even with these catalysts. 

Moldavskii and co-workers obtained, with chromium oxide as cata¬ 
lyst at about 470°, appreciable amounts of aromatics from the dchydro- 
cyclization of alkanes having six to ten carbon atoms.' 53 Molybdenum 
sulfide and activated carbon also caused dehydrocyclization. Octane 
was converted into 1,2-dimcthylbcnzcnc by the catalytic action of zinc 
oxide, titanium oxide, molybdenum oxide, or molybdenum sulfide at 
temperatures of 400° to 550°. ,w Activated wood charcoal or carbon 
deposited on iron turnings promoted the conversion of octane into 1,2- 
dimcthylbenzcnc and of 2,5-dimcthylhcxane into 1,4-dimcthylbcn- 
zene. 156 Other experimenters using platinized charcoal at about 310° 
obtained small yields t. aromatics. 1 * Platinum with nickel catalyzed 
the reaction at 260° to 350°. 111 Nickel with alumina promoted dehydro- 
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1,0 Taylor and Turkevirli, Tran a. Faraday .Soc.. 35. 921 (1939). 
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cyclization of n-octane and n-decane, but this catalyst also caused the 
side chain to split, yielding toluene and alkanes as the final products. 157 
Chromium with copper and phosphoric acid catalyzed dehydroeycliza- 
tion of n-hcptane, n-decane, and isodecane, but yields were less than 50 
per cent. 168 Chromium borate was effective but its activity decreased 
rapidly. 169 

The oxides of metals of groups IV, V, and VI give much better 
results than other catalysts which promote dehydrocyclization, and the 
form in which they are used is important. With chromium oxide gel at 
about 470°, 89 per cent toluene was obtained from heptane and 90 per 
cent aromatic products from heptene. 150 With freshly prepared chromic 
oxide, the aromatic yield was composed of almost 100 per cent benzene 
from n-hexane, 95 per cent toluene from n-heptane, and about 80 per 
cent 1, 4 -dimcthylbenzene from 2,5-dimethylhexane. 1 * 0 The activity 
of previously ignited chromium oxide decreased much more rapidly 
than that of the non-ignited. 169 Chromium oxide deposited on the 
previously ignited compound, however, was more effective than either 
form alone. 161 • 169 On alumina, non-ignited chromium oxide is very good 
and may be readily regenerated with air. Vanadium, thorium, molyb¬ 
denum, and uranium oxides were also more active when used on an 
alumina carrier. Chromium oxide is effective at lower temperatures 
than vanadium oxide. 161 The comparative value of the oxides as cata¬ 
lysts was chromium, vanadium, and molybdenum > chromium and 
vanadium > chromium and molybdenum > chromium > vanadium 
and molybdenum. 1W A mixture of cobalt oxide and chromium oxide on 
alumina also catalyzes aromatization, and this catalyst is readily 
regenerated. 162 

The results of dehydrocyclization vary with the size and structure 
of the hydrocarbon used. The reaction is less successful if the compound 
must isomerize to a six-carbon chain before cyclization as in the case of 
the methylpentancs. 160 An increase in the size of the hydrocarbon 
molecule increases aromatization. n-Nonanc produced about 38 per 
cent more aromatic products than did n-hexane. Cracking reactions, 
i.e., carbon-carbon cleavages, become more important with hydrocar¬ 
bons having more than eight carbon atoms. In some hydrocarbons, 


lw Komarewsky and Rica*. J. Am. Chun. Sac.. 61. 2524 (1930). 

Karzhov. Sever'Yanova. u..«l Siova. Oil Ca* J.. 37. No. 4. 50 (193S); Khun. 7 terdoga 


Plate. Scrguienko. and Zelinsky. Comp!, rend. acad. eci. 


Topliva, 7. 659 (1030). 

“ 9 Kazanskii, Liberman. 

U.R.8.8., 27. 440 (1040). 

Uo Hoog. VcrhcUM, and Zuidcrwcft. Tran*. Faraday Soc.. 36. 993 (1939). 
,M Koch. BrennUoff-Chtm.. 20. 1 (1939). 

Scrgicnko. Bull. acad. mcx. URS.S.. No. 1. 191 (1941). 
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chain brandling is observed to increase the yield of aromatics, but in 
others it seems to decrease aromatization. The difference between 
2,5-dimethylhexane and 3-methylheptane indicates that branching 
favors aromatization, but the difference in the products of 3-methylhep- 
tane and n-octane shows the contrary. When compounds present alter¬ 
native courses for ring closures, not all possibilities are realized. The 
aromatic yield from 3-methylheptane, for example, is about 35 per cent 
1,2-dimethylbenzene, 5 per cent 1,3-dimethylbenzene, 55 per cent 1,4- 
dimethylbenzenc, but only 5 per cent ethylbenzene. Two isomers are 
theoretically formed from both n-octane and n-nonane, but 80 per cent 
of the eight-carbon aromatic product is 1,2-dimethylbenzene and 90 
per cent of the nine-carbon yield is l-methyl-2-ethylbenzene. Ring 
closures seem to involve secondary carbon atoms preferentially, and 
compounds which have the shortest possible side chains result if their 
formation docs not require isomerization of the carbon skeleton. During 
the aromatization of alkanes in the presence of chromium oxide 2- and 
3-alkencs are also formed. The positions of the double bonds are prob¬ 
ably determined by the catalyzed isomerization of 1-alkenes. 

Aromatization of alkenes, as of alkanes, increases with the number of 
carbon atoms. 140 The position of the double bond may influence the 
reaction. Thirteen per cent more aromatics was obtained from 1-hexene 
than from 2-hexcnc but only 4 per cent more aromatics was obtained 
from 1-hcptcnc than from 2-heptcnc. Dchydrocyclization of the alkenes 
occurs more readily than that of the alk°.nes. wo The aromatization, 
however, is not correspondingly greater since the catalyst is more rapidly 
deactivated in alkenc reactions by the greater occurrence of side reac¬ 
tions. 140 1-Ilcxcne yields 11.5 per cent more aromatics than n-hexane, 
and 2-octenc yields 13 per cent more aromatics than n-octane. 100 A 
shifting of the double bond from the terminal position is found in the 
alkene products from chromium oxide-catalyzed reactions. The point 
of unsaturation of 1- and 2-heptenc shifts to the 3-position. 

Several possibilities may be offered for the course through which 
dchydrocyclization proceeds. 140 The alkane may form the aromatic in 
one step by a simultaneous cyclization and dehydrogenation. A second 
method is the primary formation of an alkene which may form either an 
aromatic directly, or an alicyclic which dehydrogenates to an aromatic, 
or an alkane may form an alicyclic which in turn yields an aromatic. 
Alkenes in the final reaction products may be accounted for by side 
reactions rather than by their formation as intermediates in the dehydro- 
cyclization reaction, but data indicate that cyclization of alkanes 
occurs largely through dehydrogenation to the corresponding alkene. 
Although it is probable that the reaction proceeds partially through 
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formation of an alicyclic, very few and in some cases no alicyclic com¬ 
pounds have been found in the final products. 1 **- 16 °- 163 Pitkethly 
and Steiner have proposed two mechanisms in which some of the inter¬ 
mediates exist in association with active centers on the catalytic sur¬ 


face. 163 

Theirdatagiveevidcncethatalkenesareactually intermediate products 

but that cyclic compounds do not exist in an isolable form. The follow¬ 
ing mechanism, in which X represents an active center on the catalytic 
surface, has been proposed to coordinate the data of Rideal and the 
postulations of Pitkethly and Steiner : ,w 


Heptane 


CH, 


/ 



CH, 

I 

CH,—CH 

CII, 

CH, 

H 

\ 

/ 

1 

CH 

X 


X 

Half-bydrogenatcd *tat© 


CH, 

/ \ 

CH, CH,—CH* 

H, + | 

CH, 

\ 

CH—CH, 

I I 

X X 

Ilrpteno 


CH, CH 

/ \ / % 

CH, CH—C1I, Dthydrog.ii.lion CH, 

-> 1| | + 3H, 

CH, CH, I |C CII 

\ / , X ^ 

CH H 


HC 


X X 

Cyclic compound 


Tolucno 


The dehydrocyclization of alkanes, although discovered but a fen- 
years ago, is now in commercial operation. One plant costing over 
$14,000,000 produces 30 , 000,000 gallons of toluene yearly, which is more 
than the total produced by all the coal carbonization units operating in 
the United States. The toluene will be converted into the explosive 
trinitrotoluene. 


VI PREPARATION OF THE HALOGEN DERIVATIVES OF 
ALIPHATIC HYDROCARBONS 

The halogen derivatives of aliphatic hydrocarbons are prepared by 
action of the halogens and halogen-containing compounds. Alkyl bro- 

*•» Pitkethly and Steiner. Trans. Faraday Soe.. 36. 979 (1939). 

184 Twigg. ibid., 36. 1000 (1939); Ridcul. Prof. Cambridge Phil. 6 oc.. 36. 130 (1J3J> 
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midcs and chlorides are produced with greater facility than iodides and 
fluorides since the iodination reaction is reversible and fluormation tends 
to be explosive. Bromination, while readily accomplished, has received 
less attention in the laboratory and is of less commercial importance 
than chlorination. 

Chlorination or bromination of alkcnes may be controlled so that 
substitution products are formed. As with the alkane substitutions, 
**he mechanism of this reaction appears to be a radical chain mechanism. 

The alkadienes and alkenynes usually form 1,4-addition compounds 
rather than simple addition products as observed with alkcnes. The 
alkenynes also resemble the alkynes in some halogcnation reactions. 

The halogen substitution of alkynes requires the use of special re¬ 
agents. 

Halogenation of Alkanes 

The reaction of alkanes with halogens is brought about by heat, 
light, and catalysts. There is considerable evidence that halogenation 
follows a chain-mechanism reaction, but the difficulty in isolating all 
intermediate compounds prevents establishment of one definite course 
of reaction. Activation energy calculations on the chlorination of meth¬ 
ane as well as recent experimental data support a free-radical chain 
mechanism. 

The facility with which halogenation takes place is largely deter¬ 
mined by the halogen used. Fluorine derivatives of alkanes are usually 
prepared by indirect met boils sueli as the reaction of bromo-, chloro-, 
or iodoalkanes with a metallic fluoride or the reaction between fluorine 
and charcoal. Chlorine has been studied almost exclusively in the halo¬ 
genation reaction since it substitutes more readily than bromine. 

Thermal Halogenation of Alkanes. Halogenation of alkanes takes 
place as a homogeneous reaction at elevated temperatures.' 05 * 160 • 167 
The chlorination of lower alkanes is effected thermally ,07 above 200° 
and has been studied at temperatures 104 over 1000°. Methane, ethane, 
propane, and butanes give appreciable yields of chlorinated products 
at about .100°. 

The extent of polysubstitution depends on the rates of competing 
reactions. 165 Poly substitution may be minimized by temperature con¬ 
trol, 169, 170 but a good yield of monochloride may be obtained at high 

lw Vaughan ami Rust. J. Org. Chcm.. 6. 449 (1940). 

*'• Pease and Wale. J. Am. Chim. Soc.. 63. 382. 3728 (1931). 

1W Vaster and Hcycrson. J. Chys. Chcm.. 39. S59 (1935). 

a-* Mason and Wheeler. J. Chcm. Soc.. 2282 (1931). 

Guyer and Ruler. /Mr. Chim. Ada. 23. 533 (1940). 

170 Hass, Me Bee. and Weber. Ind. Eng. Chcm.. 28. 333 (193G). 
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temperatures, 800° to 900°, by rapid passage of the gases through the 
reaction tube. IC8 

Both the mono- and dichlorination products give evidence that car¬ 
bon skeleton rearrangements occur only as a result of pyrolysis. 1 ■* 
Liquid phase chlorination shows rates duplicated by vapor phase chlori¬ 
nation only at much higher temperatures.*' 0 In regard to the orienta¬ 
tion of a second substituent, Hass and co-workers report that the 
presence of a halogen on a carbon hinders further substitution on that 

atom. 170 ... 

Uncatalyzed fluorine substitution proceeds under somewhat modified 

conditions. Moissan isolated carbon tetrafluoridc from the fluonnated 
products of a low-temperature methane-fluorine reaction.*- Hexane 
was fluorinated at the temperature of an ice-salt bath by the introduc¬ 
tion of the halogen diluted with nitrogen gas.'’ 1 Fluorohexadecane was 
obtained when fluorine diluted with carbon dioxide was reacted with a 
carbon tetrachloride solution of n-hcxadeeanc.'- 4 

Experimental evidence indicates that thermal chlorination results, 
at least in part, from a chain mechanism. Observations have been made 
which support both a free-radical chain and a thermal chain initiated 
through bimolecular mctathescs. The simple mechanism may be 

illustrated: C .,-C. + C. 

Cl + CsIIfc —* c 2 lh + HC1 
C*H & + Cl 2 — CjILCI + Cl 
Cl + Wall —* chain ending 

Yustcr and Reycrson suggest chain-termination possibilities represented 
by the intermediates of the propane reaction: 

Cl + Cl — Cl, 

C,Hj + Cl — CjH,Cl 

CiHtCl + Cl -» CjHtCl, 

CjHiCl; + Cl — c,inci„ etc. 

C,Il7 + C.H.CI — C.H U C1 

Active group + 0 2 —* inactive group 

171 Hass, McBee, and Weber, ibid.. 27. 1190 0935). 

171 Moissan. Com pi. rend.. 110. 961 <1MK).. 

l7 » FrcdenhoKon and Cudcnbach. li*r. 67. 028 (1034). 

J74 BockcumUllcr, Ann., 606, 20 (1033). 
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The production of chlorine atoms and the termination of chains on the 
wall of the reactor are indicated by dependence of the reaction on a 
surface. The fact that the presence or absence of moisture, carbon sur¬ 
faces, and light does not affect the relative reaction rates of substitution 
indicates a chain reaction initiated at the wall. 170 The inhibitory effect 
of oxygen supports a free-radical chain mechanism. 166 An induction 
period also indicates the initiation of a chain reaction. 

In consideration of experimental results 17 °- ,71 ‘ 176 on thermal chlori¬ 
nation of alkanes, the following generalizations may be offered: 

1. A molar excess of alkane over halogen diminishes the amount of 
polychlorination. 

2. Oxygen inhibits chlorination. 

3. The presence of alkencs inhibits the chlorination of alkanes. The 
chlorination takes place, however, on the alkane. 

4. Carbon skeleton rearrangements do not occur below temperatures 
at which pyrolysis takes place. 

5. The relative rates of substitution are primary < secondary < 
tertiary, but the rates approach 1 : 1 : 1 at increasing temperatures. 

6. The relative rates of primary, secondary, and tertiary substitu¬ 
tion are not affected by moisture, carbon surfaces, or light. 

7. Increased pressure causes increased relative rates of primary 
substitution. 

8. The free-radical chain mechanism seems to offer a plausible ex¬ 
planation for thermal chlorination. 

Catalytic Halogenatior of Alkanes. Several types of substances 
accelerate the halogenation of alkanes. Effective materials are com¬ 
pounds which readily decompose to free radicals; metals and metallic 
salts, alone or dispersed on silica gel or pumice; activated carbon; and 
simultaneously reacting olefins. Ethane and chlorine react in the pres¬ 
ence of tetraethyllead at 132°, a temperature about 150° lower than 
that required fc~* purely thermal chlorination. 166 The catalytic action 
of this type of compound supports a chain mechanism. 

Some metals and metallic salts accelerate halogenation reactions. 
The control of direct fluorination has been effected by modifying the 
reaction rate with a copper gauze catalyst. 176 Cupric chloride, cerous 
chloride, and ferric chloride arc frequently used in the chlorination of 
alkanes. 177 • ,78> 179 Bromination occurs with ferric bromide on pumice. 


1:1 Host*. McBcc, and Hatch. Ind. Eng. Chcm., 29. 1335 (1937). 

I7 ‘ Hadley. Young, Fukuhura. and Bigelow, paper presented at Am. Chcm. Soc. Meet¬ 
ing Cincinnati. 1940; Calfcc. Fukukara. and Bigelow. J. Am. Chcm. Sue., 61. 3552 (1939) 
Calfcc am' Bigelow, ibid.. 69. 2072 (1937). 

177 Giordani. Ann. chim. ap/>i,ca/a. 26. 1G3 (1935) [C. A.. 29. 0200 (1935>1. 

1 * Zapan. Thi sc a FaculU Sci. Unis. Paris. 9 (1930) (C*. A., 26. 77 (1932)1- 
m Tomnsik, Przcmysl Cl, «■»».. 18. 598 (1934) 1C. A., 29. 0200 (1935)1- 
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Activated cupric chloride on silica gel has been found to be more effi¬ 
cient than activated copper or aluminum oxide in the chlorination of 
propane at 324°; there is a heterogeneous reaction under these condi¬ 
tions, showing the following mechanism at the surface: 180 

CuCl* + boat —* CuCl + Cl 
CuCl + Cl + C 3 H* —* HCuCIs + CjH 7 
HCuCl* + heat —* CuCl + HC1 
CuCl + Cl* —* CuCl* + Cl 
Cl + Call, — CjHtCI 


Antimony pentachloridc catalyzes the chlorination of methane and 
ethane more effectively than titanic chloride, which in turn is more 

effective than stannic chloride. 178 . . 

Chlorination may also he catalyzed by simultaneously reacting ole¬ 
fins. Pentane in a mixture with ethenc and chlorine undergoes substi¬ 
tution, and chloropcntane is formed in preference to dichlorocthanc 
Stewart and Wcidenbaum have proposed a chain mechanism fat or- 
ing propagation by the olefin intermediate rather than the pentane 

intermediate: clj _ C 1 + Cl 

Cl + C 2 H 4 — C*H|C1 
Cl + Chilli —* C»Hi» + HCI 
CiH 4 C1 + ChHn — C 1 II 4 + ChHu + HCI 


2(a) 

00 

3 


C«Hn + Cli — ChU.iCl + Cl. etc. 


Reaction (a) is not as slow as (6). and consequently (a) is the favored 

C0U AJkfncTmay n i>c chlorinated with sulfuryl chloride if a peroxide is 
present as catafyst.'“ The reaction proceeds in the dark and is moie 
rapid than photochlorination with chlorine gas. 

second substituent using benzoyl and lauroylpcrox.de is eornparamely 
difficult and takes place on the carbon atom fnrthwl,emot_cdfrom the 
halogcnated carbon, while substitution of a third chlorine is impo~ e 
with this reagent. Bromine is not displaced by chlorine from sulfuryl 

C Photohalogenation of Alkanes. Alkanes may be halogc-nated at low 
temperatures in the presence of either sunlight or artificial light. I hoto- 

Ilcycraon and Yuater. J. I'hu*- 39 - 1111 

»« Stewart and Wcidenbaum. J. Am. ( turn.. Sac.. 67. 203G (1 J.io). 

IM Kharaach und Brown, ibid.. 61. 2142 (1939). 
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chlorination is a process of progressive substitution and often becomes 
explosive. 153 Polyhalogenation can be partially eliminated through the 
use of less active forms of light. The ultra-violet ray does not seem to 
be the effective ray in chlorination. 154 Oxygen inhibits the chlorination 
process. 155, lS6 

The chain mechanism of reaction is very well established for photo- 
halogenation. The course of reaction begins with the dissociation of 
the diatomic halogen molecule to form “odd molecules” as a result of 
the absorption of one quantum of light by the original molecule. This 
“odd molecule” then starts the reaction which is carried on by the alter¬ 
nate formation and disappearance of this molecule. The chain is ter¬ 
minated by recombination of atoms, reaction of radicals, or a triple 
collision in which a third body, such as the wall, removes the energy. 187 
Recent investigations support a chain mechanism which involves the 
“transitory existence of a free radical”: 188 

Cl 2 1 =; 2C1- 

Cl- + RH —> R- + HC1 
R- +C1 2 — RC1 + C1- 

'1 he quantum yield decreased with length of exposure indicating an in¬ 
creasing prevalence of chain termination reactions. 154 The quantum 
yields for the photochlorination of methane were of the order 10 4 mole- 
cules//n> in both ultra-violet light and light of wavelength 4358 A. 


Preparation of the Halogen Derivatives of Alkenes 

With the exception of chlorine substitution on isobutene 189 and 
trimcthylcthene, 190 additions have been considered the only reactions 
between alkenes and halogens until recently when it was found that 
substitution is a type of reaction exhibited by alkenes. 

The unsaturated carbons of alkenes add halogen atoms from the 
molecular halogens, hydrogen halides, and other compounds containing 
a reactive halogen atom. Substitution complicates the addition reaction 
of halogens at elevated temperatures. Addition of hydrogen halides 
normally follows Markovuikov s rule (p. 638) that the halogen atom 

M1 Scliaad, ami Lowry. Chfm. It- r.. 8. 1 (1931). 

,M ( oolin and Cordcs. /’hysik. Clum., B9. 1 (1930)." 

144 Don no.-Icy. J. Am. Clum. Hof.. 56. 2501 (1934). 

1,4 Jones and Bates, ibid., 56. 22S2 (1934). 

“ r Hollcfson. J. Phys. Chem.. 42. 773 (103S). 

>•. ••.<> <■>•=<>. j. a,„. a,.,,,. 62 . mm OW o). 

- hcr ' ,,ukov - J- K<•*'- / I'V*. Clum. .Soe.. 16. 47S (1SS4). 

190 Kondakov, tbid., 17. 290 (1SS5». 
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K oes to the unsaturated carbon atom bearing the least hydrogens. 
There are exceptions, however, and attempts have been made to explain 

abnormal orientations resulting from peroxides and solvents 

Halogen Substitution of Alkenes. The substitution of ha ogcn into 
alkenes compares with the halogenation of alkanes. Thermal and in¬ 
duced” substitutions are common to both. Similar mechanisms explain 
their respective courses of reaction. It is questionable, however, 
whether any of these are induced substitutions or substitutions depend¬ 
ing on the specific character of the alkene. Stewart and Wc.denbaum 
found the pentene reaction comparable with the chlorine substitution o 
nentane as induced by an ethene-chlorine mixture. 1 * 1 

Substitution of alkenes at high temperatures is in many respects 
comparable to thermal substitution of alkanes The presence l *} 
alkene also has been shown to hinder the total chlorine substitution of 
the mixture 192 The presence of other alkenes, especially propone, also 
inhibits substitution in ethene, while some substitution pg-J-Ugr 
occurs on the saturated carbons of the alkene inhibitor. The subst tu 
tion reaction takes place exclusively above a critical temperature range 
whUe below this range the reaction is addition. The temperature range 

varies with each hydrocarbon. 1 ” 


Alkene 

2-Pentcne 

2-Butcnc 

Propone 

Ethcno 


Ckitical Temperature Range, 
125-200 
150-225 
200-350 
250-350 


Bromine substitution at high temperatures is greater than that of 

chlorine - but near the lower limit of the critical range, bromine substi- 
cnionne, du explained by the relatively greater 

tution scarcely occurs^ Th.smay^^ Thc tonipcl . a ture 

dissociation o h drocarho ns indicate that ease of substitution is 

!LTta hjSoS^ ta^two Primary carbon atoms on the double 

least in ny hydrocarbon has one secondary atom on the 

doubl’eTinkage- is even greater with two secondary atoms on the double 
bond and substitution is predominant when the hydrocarbon has an 
unsaturated tertiary atom. It appears that substitution proceeds mo.c 
readily tl yield all>l-type products than the vinyl type. The produc¬ 
tion of allyl-type products falls in line with thc proved greater case of 
alkane substitution over alkene substitution. 

m Stewart and Weidenbuum. J. .lm. Ch.m Soc JS, 98 (1930). 

Itust and Vuu*hun. J. Org. them.. 

191 Groll and Hcarnc. Ind. Eng. them.. 31. »*>.10 (19.19). 
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Both substitution and addition of chlorine by alkenes at high tem¬ 
peratures seem to occur largely by radical chain mechanisms, but re¬ 
actions at surfaces and gas-phase bimolecular associations and meta- 
theses probably also enter into the total reaction. 192 Surface effects give 
some evidence of both bimolecular association and chain initiation. 
Calculations based on activation energies slightly favor chain mecha¬ 
nisms over bimolecular processes. 194 

Addition of Halogen to Alkenes. Addition of chlorine to alkenes 
takes place with comparative ease. Reactivity seems to increase with 
the size of the alkene molecule. 195 A study has been made on pure ethene 
and chlorine gases reacting at 20° in the absence of light. The reaction 
was complicated by substitution which produced trichloroethane. 196, 197 
Oxygen slowed down the total reaction rate and tended to eliminate 
substitution. 195 An induction period was observed which terminated by 
the formation of a liquid film on the wall of the reactor, and the reaction 
proceeded rapidly from this point. These observations indicate an 
autocatalytic reaction involving chain mechanism. Stewart and Smith 
postulate an activated liquid complex of dichlorocthane as the inter¬ 
mediate which catalyzes addition. 198 

Normal addition has been observed on tertiary carbon atoms at the 
double bond, but the substitution reaction predominates. 199 • 200 • 201 
The solvent used is an important factor in alkene reactions. 


With bromine, alkenes undergo a reaction similar to that observed 
with chlorine. The uncatalyzed addition of bromine to ethene at 16° 
in the absence of light is a surface reaction, and simple addition results 
unless bromine is present in excess so that supplementary reactions are 
induced. Moisture accelerates this reaction probably by surface action 
rather than by effect on the reacting substances in the bulk phase. 202 

Iodine forms less stable compounds with alkenes than do the other 
halogens. In the gaseous phase, diiodoethane undergoes homogeneous 
decomposition which may be accelerated by iodide ions. 203, 204 The 
reaction of ethene <as with iodine was reported probably to take place 

m ^thcrtaml. J. Chcm. Phys., 4. 732 (1930). 

(1935)] ° V ’ Az<Tbaldz,,an9koe X'flWoc Khoz., No. 3. 07 (1935, [C. ,1.. 29 0205 

m ° rl J • Am • Chc "‘• Soc.. 61 . 3082 (1929). 

Buhr and Zidcr. Z. angete. Chcm., 43. 233 (1930,. 

m! arl “ n Sn ' Uh - J ' Am ■ Ch '"‘- 52. 2SG9 (1930). 

500 D vakon KS ' V* , Hc,irnc * Bn t . Chcm.. 31. 1413 (1939,. 

710 0 040)) Il-'chcnko. J. <icn. a’.S.S.n,. S. , 258 U 939) 1C. A.. 34 
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Dn the surface-of solid iodine. 204 The velocity of this addition was much 
greater than that of the homogeneous reaction in carbon tetrachloride. 
With iodine, as was observed in the case of bromine, velocity of addition 
is enhanced by the presence of methyl groups on the unsaturated car¬ 
bon atoms. 205 

Addition of Hydrogen Halides to Alkenes. The alkenes add halogen 
acids in the order: HI >HBr>HCI >HF. Addition takes place more 
readily with propene than with ethene and even more readily with bu¬ 
tenes and higher homologs. With some exceptions which have been 
attributed to intramolecular rearrangements, properties peculiar to a 
specific compound, and effects of peroxides, solvents, and catalysts, 
orientation follows the Markovnikov rule. 

Addition of hydrogen fluoride to alkenes has been accomplished, 
although activation energy calculations show that less energy is re¬ 
quired for the cleavage of the carbon-carbon bond than for the addition 
of hydrogen fluoride to ethene. 206 Grossc and Linn prepared ethyl, 
isopropyl, terf.-butyl, and fcrf.-pcntyl fluorides by uncatalyzed addition 
of hydrogen fluoride to the alkcne. 207 

Ethyl chloride may be formed by addition of hydrogen chloride to 
ethene at temperatures sufficiently low to avoid reversibility of equi¬ 
librium. It was believed that propene and hydrogen chloride did not 
react in the gaseous phase at relatively high temperatures, but with in¬ 
creased pressure the reaction took place. 209 The reaction rate increased 
with temperature as long as the density decrease was not relatively 
greater than the temperature increase. 200 Likewise, the rate of the 
liquid reaction increases with temperature until the density begins to 
decrease rapidly. These results have been interpreted as showing that 
the “structure” common to the liquid state favors high reaction rates. 
In hydrogen chloride addition to 3-mcthyl-1-butene both the secondary 
and tertiary products are obtained. 210 The formation of the tertiary 
product was attributed to a rearrangement of an intermediate: 

(CH*)aCHCH—CHi > (CIDaCHCHCH* ——> (CIIa)*CHCHCICH 3 

| II: rearranurs 

^ C ,G 

(CIDiCCHzCH, -* (CH,) t (CsH»)CCl 

& 

Bytholl and Robertson. ibid.. 179 (1938). 

Sun and Szc. J. Chinese Chem. Hoc.. 6. 1 (1937). 

*•» Grouse and Linn. J. Org. Chem.. 3. 27 (1938). 

im Sutherland and Maos*. Can. J. Research, 5. 48 (1931). 

*" Holder and Moaas, ibid.. 16B. 453 (1938;. 

>* 0 Whitmore and Johnston. J. Am. Chem. Sue.. 56. 6020 (1933). 



40 


ORGANIC CHEMISTRY 

Addition of hydrogen bromide compares with that of hydrogen chlonde. 
Compounds with equally hydrogenated unsaturated carbon atoms can¬ 
not be classified under Markovnikov’s rule, and published data do not 
warrant set rules of orientation. 

The more reactive hydrogen iodide forms addition compounds with 
alkenes, but the reversibility of the reaction limits success in obtaining 
good yields. 2 ' 1 With the higher alkenes Tuot obtained polyiodides in¬ 
stead of monoiodides because hydrogen iodide dissociates more rapidly 
than it “fixes” to the hydrocarbon. 212 

Orientation is at least partially influenced by the solvent used. In 
experiments on the addition of hydrogen bromide or iodide to propene 
and 1-pentcne, primary halides were favored by solvents in the order 
of the relative values of internal pressure of the solvents. 213 The order 
of positive effect is propane >nitrobenzene> acetic acid > water. This 
order of effect is not in agreement with the order of the dielectric con¬ 
stants of the substances or with the order of their respective electro¬ 
negativities. The presence of the highly ionized trichloroacetic acid 
increases the proportion of tertiary compound over that found in the 
reaction without solvent or with the comparatively weak acetic 
acid. 214 

Catalytic Addition of Halogens and Hydrogen Halides to Alkenes. 
Addition of halogens and halogen acids to alkenes is catalyzed by metals, 
metallic salts, and certain organic compounds. Most of these catalysts 
accelerate the normal addition defined by Markovnikov's rule. Abnor¬ 
mal addition, however, is catalyzed by a few metals. 

The chlorination of ethene occurred in an iron reactor but not in a 
lead reactor under the same conditions. 216 Tetraethyllead accelerates 
addition, but its effectiveness on addition disappears at elevated tem¬ 
peratures where substitution sets in. 192 Calcium halides promote addi¬ 
tion and minimize substitution of alkenes. 103 * 2,6 Quinoline and hydro¬ 
gen bromide also catalyze addition. 217 

Since alkyl chlorides undergo thermal decomposition to olefins and 
hydrogen chloride, the use of a catalyst which will facilitate prepara¬ 
tion below the decomposition temperature is desirable. Compounds 
containing a tertiary unsaturated carbon atom react at -S0° without a 


5, ‘ Pollissar. J. An,. Ch,,n. .SV*.. 52. 050 (1030). 

8,2 Tuot. Cm,,pi. nnd. % 200. 14IS (1035). 

5,1 In cold and Hnnisdcn. J. Ch,,„. Hoc.. 274G (1931). 

214 Mi«dmet and Weiner. J. Org. Chin,.. 5. 3S9 (19-10). 
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catalyst. 218, 219 • 220 Aluminum chloride brought about reaction between 
alkenes containing — C=C— groupings and dry hydrogen chloride at 

I I 

H H 

— 78°. Ferric, 221, 222 stannous, 223 stannic, mercuric, 221 nickel, aluminum, 
and calcium chlorides on silica gel acted as satisfactory catalysts. Addi¬ 
tion of hydrogen chloride and bromide to cthene is accelerated by the 
corresponding anhydrous bismuth halide. 224 

Certain metals catalyze “abnormal addition,” the bromine atom 
from hydrogen bromide adding to the more highly hydrogenated un¬ 
saturated carbon. 225 , 226 • 227 

In order to catalyze abnormal addition, it appears that on reaction 
with anhydrous hydrogen bromide the metal must form a metal bro¬ 
mide which is neither a strong accelerator of normal addition nor a 
powerful inhibitor of abnormal addition. 226 The mechanism seems to be 
similar to that of the peroxide-catalyzed abnormal addition and involves 


the following steps: 


HBr + Fe —> BrFe- + H- 


II Br + II- — H, + Br- 


H,0—CH—CH 3 + Br- — BrH*C—CH CH* 


BrHjC—CH—CHa + HBr — Brll-C— CH-CIb + Br¬ 


in the presence of peroxides, a liquid phase reaction mixture of 
hydrogen bromide and 1 -alkenc produces considerable quantities of 
1-bromoalkanc while the same mixture without peroxides yields a pre¬ 
dominance of 2 -bromoalkane. The latter isomer is predicted by Markov- 
nikov’s rule and is designated as the “normal” product. Some solvents 
seem to direct the bromine atom to the abnormal position in the absence 
of peroxides, but others inhibit abnormal orientation even in the pres¬ 
ence of peroxides. Peroxides accelerate the rate of normal addition of 
hydrogen iodide, 228 but have no effect on the speed of addition of hydro- 

,,B Lcendertso. Rcc. Ira r. chim., 57. 795 (1938). 

«»• Lcondertac, Tullcncra, and Waterman, ibid.. 62. 515 (10U3). 

”° Leendcrtse. Tullcncr*. and Waterman, ibid.. 63. 715 (1934). 

Brouwer and Wibaut. ibid.. 63. 1001 (1934). 

tn Kharasch, Kloiger, and Mayo. J. Org. Chcm.. 4 . 428 (1939). 

m Petrov and Milovanova. Acta Unit. VoroncgicnMts. 9. No. 3. Hu (193.) \( . .1., 32 
7014 (1938)|. 

»• Wibaut. Z. Elcklrochcm.. 35. C02 (1929) [C. A.. 24. 107b (1930,]. 

m U rush i bar a and TaLcbayn-hi. Hull. Chcm. .Sac. Japan. 11. 692 (1930). 

**• KharoHch. Hucfclc, and Mayo. J. Am. Chcm. Sue.. 62. 2047 (1940). 
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cen chloride. 222, 229 Hydrogen iodide inhibits abnormal addition even 
in the reaction of hydrogen bromide in the presence of peroxides. 230 
Hydrogen fluoride and hydrogen chloride undergo endothermic reac¬ 
tions which will not support the rapid, long-chain reactions necessary 
for abnormal addition. 231 Although the role of the peroxide has not 
been definitely established, it seems almost certain that abnormal addi¬ 
tion proceeds by a rapid chain reaction. 

The amount of peroxide catalyst is related to the composition of 
products. The yield of abnormal product from 2-isopcntene increased 
from about 77 to 92 per cent with an increase of ascaridole from 0.002 
molar to 0.02 molar. 232 Solvents influence the reaction considerably. 
In the absence of peroxides, abnormal hydrogen bromide addition to 
1-pentone and 1-heptcnc proceeded in the presence of glacial acetic 
acid, heptane, or carbon tetrachloride, but aqueous hydrogen bromide 
gave the normal product. 233 Kharasch, however, disputed this work 
since he obtained the normal product of 1 -pentone in the presence of 
glacial acetic acid or propionic acid under antioxidant conditions. 234 
The solvents affected the velocity of the addition but had no directive 
influence. Appreciable quantities of the abnormal products were ob¬ 
tained in the presence of peroxides with ether at —78°, with acetic acid 
at 0°, and with small amounts of methanol or ethanol at 0 0 . 232 

The results of peroxide-catalyzed as well as metal-catalyzed abnor¬ 
mal addition reactions support chain reactions. 226 , 227 Formation of 
abnormal isomers through rearrangement does not explain the effect 
since addition of peroxides to normal isomers does not bring about re¬ 
arrangement. 235 Michael and Weiner offer an interpretation of solvent 
action involving reversed relative electronegativity of the carbon 
atoms. 232 Smith postulates a chain mechanism but disagrees with 
Kharasch on the hypothesis that bromine atoms propagate the reac¬ 
tion. 236 According to Kharasch, normal addition occurs through a chain 
mechanism involving polar ions and molecules while abnormal addition 
proceeds through a bromine atom chain mechanism. The proposed 
role of the peroxide and of chain propagation in abnormal addition is 
shown in the following example: 237 

Smith, Chemistry Industry. $33 (1937). 

510 Kharasch, Norton, und Mayo. J. Aw. t hem. S oc.. 62. 81 (1910). 

5,1 Mayo and Walling, Chew. li, r.. 27. 351 (1940). 

217 Michael and Weiner. J. Org. Cktm.. 4. 531 (1939). 
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+ m • • • • ■ » 

H:Br: + 0 2 (or peroxide) —* H:0:0- + *Br: 

## •••• •• 

H H H H H H 

H:C:C:C:H + -Bp: — H:C:C:C:H 
.. .. •• •• • •• 

H H :Br: 

• • 

H H H H H H 

H:C:C:C:H + H:Br: — H:C:C:C:H + -Bps 

ii * : Hr: H H: Br: 

• • •• 

The inhibitory effect of antioxidants is probably caused by their effi¬ 
ciency as chain breakers.** 

Photohalogenation of Alkenes. Light accelerates addition of halo¬ 
gens and halogen acids to alkenes. It seems to have no orienting in¬ 
fluence on hydrogen halide addition to the double bond and catalyzes 
both normal and abnormal reactions.*** Photohalogenation is important 
since it makes possible a study of chain mechanisms of halogenation. 

The reaction rate seems to be proportional to light intensity and also 
to the concentrations of both reactants.*** The velocity of photoiodi- 
nation of 2-pcntenc is proportional to the square root of the intensity 
of radiation absorbed.* 40 

Experimental evidence indicates that photoaddition reactions are of 
considerable chain length.* 41 Chain initiation is probably brought about 
through the production of a halogen atom by a quantum of light with 
propagation through a halogen atom or free radical. The chain-break¬ 
ing reaction differs with single cases. Kinetic studies offered no basis 
for chain propagation through triatomic halogens as postulated by 
Rollcfson. 24 * 


Preparation of Halogen Derivatives of Alkadienes 

Halogens and alkadienes form dihaloalkenes which may be isolated 
under certain conditions and which undergo further halogenation to 
produce tetrahaloalkancs. The halogen acids yield corresponding halo- 
alkcncs and dihaloalkunes. 1,4-Addition products often occur with 
conjugated unsaturated systems. 

The reaction of gaseous butadiene and bromine is essentially a sur- 


*» Kharaach and Mayo. J. Am. Chem. Soe., 66. 2408 (1933). 
**• Forbes and Nelson, ibid., 69. 093 (1937). 

140 Ghosh and Bhattacharyyo. Science and Culture. 3. 120 (1937) 

141 Schumacher. Angew. Chem.. 49. 013 (1930). 

* 4 * Booher and Rollcfson. J - Am. Chem. Soc.. 66. 2288 (1934). 


(C\ A., 32. 414 (1938)1 
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face reaction. 243 • 244 • 245 Since coating of the surface with paraffin has 
little effect on the reaction, it occurs at the surface of the reaction film 
rather than of the container. 245 This phenomenon is further evidenced 
by the fact that the rate increases until the walls are covered by a um- 
molecular layer of reactants and then becomes constant. Experimental 
data indicate a chain reaction initiated at a wall and broken by oxygen. 

Reaction of 2-methy 1-1,3-butadiene with chlorine in carbon tetra¬ 
chloride yielded the 1,4-compound predominantly as addition product 
and an appreciable quantity of l-chloro-2-mcthyl-l,3-butadiene which 

indicates a substitution reaction. 246 

The reaction of butadiene with chlorine in carbon disulfide yielded 
twice as much 1,2-addition product as 1,4-product. 247 The following 
course was postulated for formation of the two dichloro compounds: - 48 


CHj—CH—CH—CHs —> CH,—CH—CH=CH, 

1 + 


Cl 

CII* 

Cl 


i 

CII-CII=CII* 

I 

Cl 


Cl Is—CII=CH—CH* 

I + 

Cl 

1 

CII5—CII=CII—CH2 


Cl 


Cl 


A suggestion that rearrangement to the 1,4-compound follows formation 
of the 1,2-isomer falls in line with the relative difficulty in breaking the 
carbon-bromine linkage and the fact that greater proportions of 1,4- 
compound are found in the bromine than in the chlorine reaction. 

3-Bromo-l-butcnc was reported as the product from a reaction car¬ 
ried out under extreme antioxidant conditions. 249 This product is evi¬ 
dence of an initial 1,2-addition. Peroxide addition to a mixture of 
isomers favored rearrangement of the 1,2-isomer to the 1, l-compound. 

Sulfur chloride and 2,3-dinicthylbutadicne in the presence of stannic 
chloride form a cyclic compound, 3,l-dichloro-3,4-dimethyl-2,5-dihy- 
drothiophene. 250 


Cl 


Cl 


II 3 C— C—C—CII 3 + SCI* 

II II 

HjC CH* 


CII 3 —C-C—CH. 

I I 

H*C CII* 


Ut Ilcisig. ibid.. 58. 1003 (1030). 

*“ Ilcisig nnd Davis, ibid., 55. 1297 (1933). 

,4J Hcisift and WiI.mhi. ibid., 67. S59 (1933). 

Jones and Williams. J. Cb. m. .S. c.. S29 (1934). 

3,1 Farmer. I.nwrenre. and Scott, ibid.. 510 (1930). 

*•' Muskut and Xorthrup. J. Am. Chan. Sne.. 52. 4043 (1930). 
*° Kharoscli. Murgolis. and Mayo. J. Org. Chan., 1. 393 (1930). 
310 Backer and Strating, litc. (rae. chi,,,.. 54. 52 (1935). 
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With butadiene, however, tetrachlorobutane was the product rather 
than a cyclic sulfur compound. 


Preparation of the Halogen Derivatives of Alkenynes 

Compounds containing both double and triple carbon-carbon bonds 
undergo substitution by, and addition of, halogen atoms. 

The triply bonded carbon substitutes a bromine or chlorine atom 
for hydrogen on reaction with the corresponding alkaline hypohalite 
solution and an iodine atom from a solution of iodine in potassium 
iodide. 251, 262 Relative yields obtained were bromo>iodo>chloro. In 
ammonia which removes the hydrogen iodide produced, reaction with 
iodine yields a substitution product as follows: IM ’ :M ’ “*• 

H 5 C=CH—OeCH + la + NHj —» H:0=CH—C=sCI + NHiI 

1 4-Addition seems to occur with conjugated alkenynes. The first 
step’in hydrogen chloride addition to but-l-en-3-ync is 1,4-addition. 
Although the final product is 2-chloro-l,3-butadicnc, the 4-chloro-l,2- 
butadienc intermediate was isolated.'-" With excess hydrogen chloride, 
2 4 -dichloro- 2 -butcnc also forms. Cupric chloride, calcium chloride, and 
other salts seemed to increase greatly the rate of isomerization to the 
2 -chloro-l, 3 -butadiene. From aqueous hydrogen bromide reaction^ 
only 2 -bromo-l,3-butadiene and 2 , 4 -dibron.o- 2 -butcne were isolnted.- 
This reaction was much faster than the hydrogen chloride reaction how¬ 
ever, and it is highly probable that the true course was a 1,4-addition 
followed by rearrangement. 


Preparation of the Halogen Derivatives of Alkynes 

Alkynes react with halogen by both substitution ami addition. The 
substitution reactions occur under limited conditions and produce ex¬ 
plosive compounds. Halogens, hydrogen halides, and accty halides arc 
added to the triple bond. Haloalkenes from hydrogen halides and 
dihaloalker.es from halogens an- isolated as the primary addition prod¬ 
ucts in some reactions while further halogenation occurs in others with 
formation of only dihaloalkancs and tctralialoalkanes. Halogen addi- 


»• Jacobson and Carothora. J. Am. Chcm. See.. SB, 4007 (1033) 

*» Kloban.kii, Volkcn.hloin, aud Orlova. J. Gen. them. (t/.*-S.ft.). 6, l.Bo (1935) 

1C. A.. 30, 1025 (1030)1. „ 

**» Voughn and Nicuwland, J. Am. Chun. .Soc.. 64 . 787 (193.). 

*“ Vaughn and Nicuwland. ibid., 66. ’.‘160 (J'J.13). 

*“ Vaughn and Nicuwland. J. Chon. Sue.. 741 (1933). 

Vaughn and Nicuwland. J. Am. Chcm. Soc.. 66. 1207J4934). 

“’Carother., Borchot. and Collin., ibid.. 64. 4000 (1932): Carothcra and Borchot, 

ibid.. 66. 2807 (1933). _ 

Carothcra, Collins, and Kirby, ibid.. 66. 780 (1933). 
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tion may be catalyzed by light, peroxides, metals or metallic salte 
The presence of peroxides has an effect similar to that observed with 
alkcnes. Photohalogenations give evidence of chain reactions following 
courses similar to those postulated for alkanes and alkencs. 

Alkynes substitute halogen atoms upon reaction with alkahne hypo- 
halites. Iodine substitution may also be accomplished by use of iodine 
in liquid ammonia. An alkaline solution is necessary for substitution 
since addition occurs in acid solution with ultimate formation of a com¬ 
pound RC—CHX 2 . M9 The substitution reaction is carried out in an 

II 

O 

ice bath in the absence of light and air. 060 

Addition of halogens to alkynes in the presence of light is similar to 
the photohalogenation of alkcnes. In the alkync reaction, the simple 
addition product, a dihaloalkenc, may be isolated, but tctrahaloalkanes 
form readily. Photochlorinations and photobrominations have been 
used to facilitate the study of chain mechanisms of reaction. A two- 
step reaction was postulated for the photochlorination of ethyne: 261 

HC=CH + Cl 2 — C1MC—CHC1 

C1HC—CHC1 + Cl 2 — CljHC—CIIClj 

An induction period and inhibition by oxygen were observed, and these 
effects indicate a chain reaction. High quantum yields denote a chain 
reaction of considerable length in photobromination. Muller and Schu¬ 
macher found a yield of 4 X 10 1 molecules//!<; from reaction at 90°, 200 
mm. total pressure. 262 The reaction theories involve bromine atoms, free 
radicals, and chain breaking by the disappearance of bromine at the 
wall. The proposed courses are: 

I. (1) Br 2 + hv = 2Br 242 II. (1) Br 2 + hr = Br + Br 263 

(2) Br + Br 2 = Br 3 (2) Br + C 2 I1 2 = C 2 II 2 Br 

(3) Br 3 + C 2 H 2 = C 2 II 2 Br 3 (3) C*II 2 Br = C 2 1I 2 + Hr 

(4) C 2 H 2 Br 3 = C 2 II 2 Br + Br 2 (4) C 2 H 2 Br + Br 2 = C 2 H 2 Br 2 + Br 

(5) C 2 lI 2 Br 4- Br 2 = C 2 II 2 Br 2 -f Br (5) Br + Wall = »> 2 Br 2 . 

(6) C 2 II 2 Br = C 2 H 2 + Br 

(7) Br 3 + Wall = ? 2 Br 2 

(7') C 2 II 2 Br 3 + Wall = C 2 H 2 + J;»Br 2 or C 2 lI 2 Br 2 + JiBr* 

Straus, Kollck. and Hcyn. Her., 63. 1SCS (1930). 

Straus. Kollck. ami Hauptmann. Dtr.. 63. 1RSG (1930). 

:M Peters and Neumann. slngrtr. Chen,.. 46. 201 (1932). 

“ 2 and Schumacher. Z. i>hysik-. Chem.. B39. 352 (1938). 

50 Frankc and Schumacher, ibid.. B34. 181 (193G). 
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The halogens are added to alkynes in the presence of metals and 
metallic salts. The reaction of chlorine and ethyne is explosive if not 
modified in some way, and metallic catalysts offer a suitable means of 
effecting such control. One successful method of modification involved 
the use of antimony pentachloride in place of chlorine as halogenating 
agent. 264 The reaction using clilorine as halogen-containing agent may 
be modified by catalysts. Aluminum, iron, or an alloy of aluminum, 
silica, and iron was successfully used in the preparation of tetraeliloro- 

ethane. 266 „ . , ... 

In hydrogen bromide addition, the same effect of peroxide catalysis 

observed in the case of alkenes persists with alkynes. In the presence 
of peroxides, propyne added hydrogen bromide to form 1 , 2 -dibromopro- 
pane, whereas under antioxidant conditions or without added peroxides 

the product was 2 , 2 -dibromopropane. J “ 

Metals and metallic salts catalyze the addition of hydrogen halides 
to alkynes. Addition of hydrogen chloride to ethyne in the gaseous 
phase seems to occur only in the presence of metallic chlorides"’ Bis¬ 
muth chloride and mercuric chloride accelerate this reaction.- 
Tetrachloroethane was produced in good yield when iron, iron oxides, 
or antimony pentachloride was used.--’ Cupric chloride ... combination 
with ammonium chloride has also been used as catalyst but the results 

were comparatively poor. 270 . . , , 

Mercuric bromide, antimony bromide, or feme bromide on asbestos, 
and ferric bromide or bismuth bromide on pumice were used as catalysts 
in hydrogen bromide addition to ethyne. 221 Ferric bromide on pumice 
and mercuric or antimony bromide on asbestos were effective. Cupric 
chloride with ammonium chloride or the corresponding bromides also 
acted as catalysts. 272 


VII. NITRATION OF ALIPHATIC HYDROCARBONS 

Nitration of aliphatics during the past five years has emerged from 
the status of purely laboratory chemistry to become an industry of 


ut Langffuth, Chimic A Industrie. 25. 22 0931). 
id 


5000 (19311]. 


FukuKawu. I*roe. World Eng. Congr. Tokyo. 31. 387 (1929. [<’. A.. 25. 

Khunihi'h. M.-Nub. und McNub. J. An,. Chcm Sue.. 67 2403 09 So). 

Wibuut and Van Dulfson. lire. In ic. ch,m.. 61. 030 093.). 

,6 * Van Dalfhen and Wibaut. ibid., 63. 4*9 0934). 

VaW-hko and Kosenko. Vkrain. Cl.cn. J.. 7. 12 0932) [Brit. Chen. Abstract*. 

AiSnyan and Marutyan. Caoutchouc and Rubber <t /.S.S.R.), No. 2. 3G (19371 

(C. A., 31. 0189 (1937)). 

171 Wibaut. Ree. trav. cl.im.. 60. 313 (1931). 

”■ Kozlov, J. ApplM Chcm. (f..S-S.R). 10. 110 (1937) |C. A.. 31. 4303 (1937». 
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national importance, providing new explosives, emulsifying agents, and 
solvents. Hass and co-workers opened this field when they demonstrated 
that the reaction of nitric acid with ethane, propane the butanes, and 
the pentanes was clear cut and the nitration products were mtro- 

methanes, nitroethanes, and higher nitroparaffins. 

Of the aliphatic hydrocarbons the alkanes are the most difficult to 
nitrate. The lower alkanes presented the greatest problem, which has 
been solved by the use of vapor-phase nitration. In general the order 
of nitration is: primary < secondary < tertiary, although high tem¬ 
peratures increase the yield of primary at the expense of the secondary 
and tertiary. Supcratmospheric pressure increases the rate of reaction. 
Mono- and dinitro compounds are the principal products from alkanes, 
and the mononitro compounds are best produced in vapor phase with 
nitric acid. Either the nitric or nitrosulfuric acid liquid-phase reactions 
or the nitrogen tetroxidc vapor-phase reaction produces a mixture of 
mono- and dinitro products. In the liquid phase the formation of the 
mononitro compound is promoted by the use of a dilute acid. 

Nitroso, nitro, nitrite, and nitrate groups add to alkenes in various 
combinations. The course of the reaction with nitrogen oxides seems 
to be affected by the relative polarities of the unsaturated carbon 
atoms. Substitution products have been found, but they may be formed 
by addition followed by the splitting out of a simple molecule. The 
mechanism of the reaction with alkenes is addition to the double bond 
of tlie two component parts of the reagent, either with or without sub¬ 
sequent oxidation. Complex alicyclic products containing nitrogen in 
the ring are formed from alkyncs. 


Nitration of Alkanes 

Vapor Phase v th Nitric Acid. In vapor-phase nitration of alkanes 
by nitric acid, a homogeneous gas-phase reaction occurs 273 which Ls pre¬ 
sumably of second order. 274 Oxidation is the chief reaction competing 
with nitration. 

Vapor-phase nitration has been utilized, especially for the lower 
alkanes, since those having fewer than five carbon atoms have critical 
temperatures below the temperatures at which sufficiently rapid nitra¬ 
tion occurs. 274 Mononit roalkanes can be produced by vapor-phase ni¬ 
tration practically to the exclusion of dinitro and more highly nitrated 
compounds by means of short contact time. In the nitration of pen¬ 
tane at 400°, all theoretically possible mononitro compounds which 

5!J Hibshnmn. Pierson, and Hass. Ind. Eng. Chcm., 32. 427 (1940). 

374 Hass, Hod*;**, and Vundcrbilt. ibid., 28. 339 (193G). 
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could result from fission of a C—H or C—C bond were formed. 5 " Al¬ 
though the presence of free radicals was not actually established, the 
data are highly indicative of a free-radical mechanism. 

Although the ease of replacement of a hydrogen atom by a nitro 
group follows the scheme: tertiary>secondary>primary, the ratio of 
the various nitro compounds formed can be partly controlled by tem¬ 
perature and pressure variations. As the temperature rises the yield of 
primary derivatives increases, and that of the secondary and tertiary 
decreases 574 The variation in yield may be due to a change in the rela¬ 
tive reaction rates of primary and secondary carbon atoms with in¬ 
creased temperature. 574 The reaction may be less selective and the 
primary compound more stable at the higher temperature. 5 '* 

In all cases tried, McCleary and Degcring found, besides the nitro 
products, all the alkencs predicted by the free-radical theory of Rice 
for thermal decomposition of alkanes. 574 ' 577 The expected variation of 
the quantity of alkencs and nitro products with change in concentration 
of the nitric acid was likewise obtained. 574 The monomtro compounds 
accounted for by a free-radical mechanism were found by other investi¬ 
gators 574 McCleary and Degcring have suggested the following mecha¬ 
nism to account for all the products of vapor-phase nitration: 

RH + reactive fragment or oxidizing agent —* It + ? 

the " R + HONOi - UNO, + HO 

and RH + HO —» R + HjO, etc. 

R -> olefin + R' (Where R' is a free radical of lower molecular weight than /?) 

R' + HONO, —* R'NOi + HO, etc. 

R' + RH —* R'H + R 
R'H +HO —» R' + H,0 
R + R' —* RR' 


The paraffin may also be oxidized to carbon dioxide and water or to 

some oxidized intermediate. .... , 

Vapor Phase with Nitrogen Tetroxide. Vapor-phase nitrations have 
been carried out with nitrogen tetroxide on alkanes from methane to 
nonane, with the exception of ethane and butane. The optimum tern- 
perature was about 200°.* 78 


*»* Hass and Patterson, ibid.. 30. 07 (1038). 

**• McCleary and DcRorinR. ibid.. 30. 04 (1938). 

«• Urbanski*and^Slon] fr 'cn^Mo^alP'trotc. 2. Sect. 2. Phys. Chem. rafl.nage 
163 (1937). 
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Liquid Phase with Nitric Acid and Nitric-Sulfuric Acid Mixtures. 
Nitration in the liquid phase, although unsuitable for lower homologs, 
has been applied to alkanes of five or more carbon atoms using nitric 
acid or mixtures of nitric and sulfuric acids. Increased concentration 
of acid increases both oxidation and nitration and produces a relatively 
greater amount of di- and polynitro derivatives. More elevated tem¬ 
peratures and longer time factors produce higher yields of the dinitro 
product. 279 Branched-chain compounds containing tertiary carbon 
atoms are more readily nitrated than the normal compounds, but a 
quaternary hydrocarbon compares with the normal series in lack of re¬ 
activity to nitric acid. 280 

A mixture of nitric and sulfuric acids has frequently been used for 
nitration. The sulfuric acid has been regarded merely as an agent to 
remove the water formed by the nitration reaction. The action of the 
mixture, however, is quite different from that of concentrated nitric 
acid. Markovnikov obtained evidence that such a mixture contains 

/OR 

nitrosulfuric acid, SO*f . which is the active agent. 281 Volatile 

X ONO* 

alkanes have been distilled over nitric-sulfuric acid mixtures without 
undergoing much reaction, although higher-boiling normal alkanes re¬ 
acted near their boiling points. 282 , 283 The acid mixture had little action 
on tertiary hydrocarbons a few degrees above zero in contrast to the 
action of nitric acid. 283 

In liquid-phase as in vapor-phase nitration of the lower alkanes, the 
branched-chain alkanes are more reactive than the normal compounds. 
Isopentane, isohexanc, and isoheptane with nitric acid produce trinitro 
compounds. 281 * 283 Alkanes of the type R 2 CHCHR 2 (where It is any 
normal alkyl group) react readily with fuming acid. 283 Higher tempera¬ 
tures are necessary when a more dilute acid Is used. 282, 286 A slight varia¬ 
tion in pressure has no effect. 279 Increased concentration of acid causes 
decreased production of tertiary derivatives and increased production of 


Konovalov. J. Russ. Phy*. t hem. Soc.. 31. 57 (1*99); J. Chan. Soc., 76. [1] 844 
(1899) [Chcm. Zcntr., 70. 1. 1003 (1,899)1. 

180 Markovnikov, J. Russ. Phys. Chan. Soc.. 31. 623 (1899) [Chcm. Zcntr.. 70. II. 473 
(1899)1. 


**• Markovnikov, J. jtrakl. Chcm.. (2) 69. 55G (1S99). 
ut Wore toll. Am. Chcm. J.. 20. 202 (189S). 

,M Markovnikov, Her., 32. 1441 (1899). 

(1903) POn ' anJ Costochoscu * * 4nn * * ei - ^nh.Jwuy, 2. 119 (1903) ; J. Chcm. Soc.. 84. (1J 59G 
” 6 Francis and Young. J. Chcm. Soc.. 73. 928 (1898). 
nBomf lQrkOVnikOV ' J ‘ IUPhuS ' Chcm ‘ Suc - 31 * 47 [CAcm. Zcntr.. 70. I. 1004 
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secondary and especially primary derivatives.*" The primary deriva¬ 
tive was practically the only nitro product formed in some cases from 
the concentrated nitric acid. 

The mechanism of nitration apparently involves removal of hydro¬ 
gen as an atom rather than as a proton or negative ion. 5 ® The acceptor- 
donor inversion mechanism seems most plausible since it is supported 
by the greater substitutive reactivity of tertiary carbon atoms, the elec¬ 
tron repulsion of tertiary groups, and the absence of rearrangement. 

Catalytic Nitration of Alkanes. Alkanes react with nitric oxide at 
high temperatures in the presence of a catalyst. 0 "’ Methane reacted with 
nitric oxide in the presence of a catalyst to give hydrocyanic acid.-' 0 '1 he 
reaction began around 900°, and the yield increased with temperature. 


Nitration of Alkenes 

Nitric Acid. Concentrated or fuming nitric acid reacts with alkenes 
to form both nitration and oxidation products such as nitroalkancs, 
nitroalkcnes, and nitre-nitric esters. Low temperatures and dilution 
with an inert solvent reduce secondary reactions by inhibiting oxidation 

and formation of nitrous reagents.” 1 

Wieland postulated a mechanism for the action of nitric acid on 
alkenes. 2 ”’ 293 He assumed that it adds not as an electrolyte but as 
HO—N0 2 . The production of 2-methyl-3-nitro-2-butenc and the nitric 
ester of 2-methyl-3-nitrobutan-2-ol from 2-mctl.yl-2-butcne was evidence 

of the addition as HO —N0 2 . . . . Hn XTO 

Other evidence supporting the addition of nitric acid as H0-N0 2 

is the isolation of 2 -nitroethan-l-ol as a reaction product from the pas¬ 
sage of ethene into fuming nitric acid. 2 * 4 

CH2=CHj — CH*(OH)CH*(NOt> —► CH*(NO*)CIIO 
— CH,(NO*)CO*H —* CHjNOi — CH(NOt)—NOH 
— CHt(NOi)* — C(NO*)i—NOH — CH(NO*)j 

The work of Michael and Carlson, however, indicates that nitric acid 
adds as H—0N0 2 rather than as HO-NO,”* Nitration has been 

- Konovalov. 7. Ph V : Chem. Soe.. 38. I. 109. 124 (1900,; 7. CAem. Sue.. 92. 

til 1 (1007) [Chem. Zenir.. 78. I. 400 H*> 7 >1* (1940) 

m Stevens and Schiosalor. 7 . Am Ch */ ,' r J s , 4 a ia <10341 1 C A 29 170 € 
»• Platonov and Shaikind. 7. (Jen. Chcm. (UJ 4. 404 (1904) (C . a.. a*. wu. 

(19 »» Elod and Ncdelmann. Z. EUktrechcm.^S. 

»> Michael and Carlson. 7. Am. them. t>oc., 67. 1208 (1936). 

»** Wieland and Rahn. Her.. 64. » 770 0921). 

*»* Wieland and Sokcllarios. Iter.. 63. 201 (1920). 

«« McKie, 7. Chem. Soc., 902 (1927). 
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accomplished indirectly in various cases by nitrous gases formedI from 
oxidative side reactions. A mechanism involving addition of nitrogen 
tetroxide to tl.e double bond as the first step has been offered to account 
for some of Wicland’s products. The formation of the nitnc ester of 
2 -nitroethan-l-ol from cthene, already cited, was accomplished by a 
mixture of nitric and sulfuric acids rather than by nitnc acid . The 
reactive agent in such a mixture, the mixed anhydride HOSOpONOz 
instead of nitric acid, 282 should lead to the formation of the sulfuric ester 
of 2 -nitroethan-l-ol, and the nitro-nitric ester would result from the 
nitric ester radical replacement of the less negative sulfuric ester group. 

Nitrogen Oxides. Addition of nitrogen oxides is not always pre¬ 
dictable because of the ability of the oxide molecule to rupture at differ¬ 
ent points, and the capacity of the oxides to function as polymerizing 
and oxidizing agents. Since nitroso, nitro, nitrite, and nitrate groups 
may result from nitrogen oxides, a number of combinations is possible. 
The type of product appears to be partly determined by the relative 
polarities of the unsaturated carbons. 2 * 8 The addition of nitrogen oxides 
to alkenes is complex because of the diverse capacities in which these 
oxides can function. A prediction of the products might be expected by 
consideration of the relative polarities of the unsaturated carbons and 
of the groups which arise from the intramolecular scission of the oxide. 

The products identified from 2-methyl-2-butene and pure nitrogen 
tetroxide were the dimeric nitroso-nitric ester, the dinitro compound, 
and a nitroalkenc. 205, 208 The course of the reaction depends mostly on 
the polarities of the unsaturated carbon atoms and very little on the pro¬ 
portions in which the components arc present in the equilibrium: 2 * 5 
2N0 2 5=± 0 2 N—ONO. 

Alkenes of the formula RR'C=CHR" and RR'C=CR"R'" reacted 


readily to form nitrosyl chloride addition products, but those of the type 
RCII=CHIt' reacted in this manner only with difficulty. 297 The types 
having a hydrogen atom on one or more of the unsaturated carbons can 
form the oximes, RCIiClC(=NOII)R / or RR'CClC(=NOII)R'', by 
migration of a hydrogen atom. 

Catalytic Nitration of Alkenes. Nitric oxide reacts with ethene at 
high temperature in the presence of a catalyst to produce hydrocyanic 
acid, ammonia, and products of decomposition, oxidation, and polymer¬ 
ization. 290 A mixture of alumina and quartz was the most effective 
catalyst. Yields of hydrocyanic acid increase with the proportion of 
ethene in the mixture and with the reaction temperature to 1000°, at 


,,s Michael and Carlson. J. Am. Chcm. Soc.. 69. 843 (1937). 
5,6 Michael and Carlson. J. Org. Chcm.. 4. 1G9 (1939). 

Tuot, Compt. raid., 204. 097 (1937). 
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which point both decomposition and polymerization of the cthene take 
place rapidly. The initial step in the production of hydrocyanic acid is 
probably the formation of ammonia by the reduction of nitric oxide. 
The ammonia then reacts on ethene or one of the unsaturated intermedi¬ 
ate products of the decomposition of ethene to produce hydrocyanic 
acid. 

Electrochemical Nitration of Alkenes. Alkenes can be nitrated 
electrolytically. 298 Electrolysis of acetone solutions of nitrates or nitric 
acid and ethene resulted in the addition of nitrate and condensation. 
Increase in current density favors ester formation since this increase 
causes higher concentration of nitrate. Ester formation is favored by 
anode material which gives a higher overvoltage and by dilution of the 
ethene with an inert gas. 


Nitration of Alkynes 

The nitration of ethyne yields complex nitrogenous compounds in 
addition to trinitromethane. Oxidation also takes place, and the prod¬ 
ucts undergo secondary reactions. 2 ” Fuming nitric acid and nitne- 
sulfuric acid mixtures are used as reagents. 

As catalysts, chloroplatinic acid and the nitrates of silver, uranium, 
and copper were ineffective in increasing the yield of trinitromethane 
but mercuric nitrate was effective.*” Chloroplatinic acid and silver and 

uranium nitrates favored oxidation. 

McKie accounts for the production of trinitromethane by the follow¬ 
ing reaction: 291 

CH=CH — CH(OH)—CIKNO*) —* [CH(OH)t—CH(NO*)«] 

-> CH(NOs)«—CHO — CII(NO*)»—CO*H — CH*(NO«)t + CO* 


UNO, o/vn ^ 

CHs(KOt)t--> C(N0 2 ): 


•XOII 


CH(NOs)a 


The latter part of this mechanism may be instead: 300 


CH(NOa)a—CO*H —> C(N0 2 )^C0JI - CH(W». + CO, 


Complex products from the passage of ethyne into cold fuming nitric 
acid have been identified and each contains one or more isoxazolc nuclei. 
These products are a-isoxazolecarboxylic acid, a,0'-diisoxazolyl ketone, 


m Oilman, Z. Eleklroehem.. 42. 862 (1030). 
m Quilico and Freri. Gazz. chim. Hal.. 69. 030 (IW9). 
400 Orton and McKio. J. CUm. Soc.. 117. 283 (1020). 
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a-isoxazoleazotrinitromethane, and a small quantity of «,a'-diisoxazolyl- 


furoxan 301 ’ "*■ J0) - ,M 
CH-CH 

II II 

N C—COOH 

' s O / ' 

o-IaoxarolccarboiyUc acid 


CH 


:h 


/ 


N0 2 


N C—N=N—C—NO* 

NO* 

a-Isoxoxolcaxotrinitroraethano 


CH- 

II 

N 


CH 


/°\ 


CH 


C—CO—C- 


N 

II 

-CH 


\/ 

a,0'-DiiBoxaxolyl ketone 

CH-CH CH-CH 


II 

N 


N 


Nk 


N-0-N=0 

a.a'-Diiaoxftzob’Huroxon 


N>/ 


Ethync reacts also with nitric oxide at high temperatures in the 
presence of a catalyst to produce hydrocyanic acid. A slightly higher 
yield was obtained than from ethenc under the same conditions, but 
more polymerization products and formaldehyde were obtained. 


VIII. OXIDATION OF ALIPHATIC HYDROCARBONS 

The oxidation of aliphatic hydrocarbons has been widely studied 
in order to establish an adequate reaction mechanism. Four theories of 
oxidation reactions exist: hydroxy lot ion, peroxidation, aldehyde degra¬ 
dation, and activation of molecules. Chain propagation is agreed upon 
in all theories. Oxidation reactions are characterized by induction 
periods and are sensitized by the addition of intermediate oxidation 
products. An excess of oxygen has an inhibitory effect on the oxidation 
of both saturated and unsaturated aliphatics. Alkane oxidations occur 
at lower temperatures than are necessary for alkene-oxygen reactions. 
Hydrocarbon-oxygen reaction rates arc increased by increasing the pres¬ 
sure, although alkanes arc more affected by pressure changes than al- 
kenes. The rate of reaction increases with length of the hydrocarbon 
chain and is greater for straight-chain compounds than for branched- 
chain isomers. 

Both saturated and unsaturated aliphatics have l>een oxidized in the 
presence of nitrogen oxides, metals, and metallic oxides. Partial oxida¬ 
tion of aliphatics has been carried out with such compounds as ozone, 
metallic oxides, acids, and hydrogen |>croxidc. Alkenc and alkyne hy¬ 
drations have been carried out with acids, salts, and metallic oxide 
catalysts. 

J0 ‘ Quilico and Frcri. Ca:s. chirn. Hal., 60, 172 (1930). 

301 Quilico. ibid.. 61. 205 (1931). 

501 Quilico. ibid.. 63. 503 (1932). 

301 Quilico and Freri, ibid.. 62. 430 (1932). 


THE REACTIONS OF ALIPHATIC HYDROCARBONS 


55 


Oxidation of Alkanes 

The early theories of preferential oxidation of carbon or hydrogen 
have given place to the more complex hydroxylation and peroxidation 

theories. .... i 

Thermal Oxidation of Alkanes. A study of molecular structure and 

its effect on thermal oxidation of alkanes leads to the following generali¬ 
zations: (1) as the length of normal hydrocarbon chains is increased, 
less difficulty in oxidation is noted;(2) branching and condensation 
of the molecule increase the difficulty of oxidation’ 06 

Temperatures between 0° and 700° have been used in thermal reac¬ 
tions. but most of the work has been carried out in the nmge between 
200° and 500° An increase of temperature usually results in a shorter 
induction period and a more rapid rate of oxidation.-” 6 Elevation 
of temperature to just below that at which cracking is ordinarily earned 

out causes rupture of molecules. 30 * ., . . i 

Pressure increase influences hydrocarbon oxidation sevend 
ways:’ 10 (a) it increases frequency of molecular collisions with subse¬ 
quent increase in reaction rate; (6) it deactivates chain oarrie^ W .t 
alters the electrostatic field, giving rise to induced or increased polarity, 
and (d) it directs a reaction so that less space is required. 

Alkane oxidations may be sensitized or inhibited by foreign gases 
and solids and by the addition of intermediate reaction products. In 
genera the induction period is shortened and the rate of the main re¬ 
action increased by addition of intermediate oxidation products, such 
action increasca y J1S . 31J . an Oxides of carbon have 

n.^C'^'-n^^t^^Thc influence of hydrocarbon halides, 
little effect in mo. • diluents depends largely on other expen- 

hydrocarbons and J A , t . c i c ,- aU on by diluents may 

mental conditions. 313, 

» 0k Lewis. J. Chew. Soc.. 1555 (1027). 

*>• Maxnan. Com,A. rend.. 205. 219 0937). 

*° 7 Arditti, ibid., 201. 390 (1935). , 

~ Wheeler and Blair. J. Soc. ‘ 

Burwell, Ind. Eng. . C/u-n... 26. 204 (1934). 

*‘° Ncwitt, Chem. Rev.. 21, 299 (193 ). 154* *")7 (1936). 

•» Bone and Gardner. Proc. ^ ^ " ^ 

«* Bone and Allum. ibid.. 134A. 678 (193-). 

»» Pco«e. Chem. Rev.. 21. 279 (1937). 

::: sss:„l 503 (,930, • 

—«• - «*»• 

“ "*>• ,46A ' 583 
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be attributed to prevention of chain breaking at the walls; inhibition 
may be the result of chain breaking by collision with the diluent. 

An induction period is noted for all alkane oxidations, and it is, 
therefore, highly probable that a chain reaction occurs. 313 ' 322 During 
the induction period, active centers are formed, and the reaction chains 
are initiated from these centers. 311 Monovalent radicals may be formed 
at the walls, and the reaction is slower when the reactor is coated with 
material destroying or preventing radical formation. 323 

The hydroxylation theory of alkane-oxygen reactions postulates the 
formation of an alcohol as the primary step in hydrocarbon oxidation. 32 * 
Hydroxylated molecules then react according to the following scheme 
shown for methane: 

CH 4 + O -> CH,OH 

i + ° 

CH*(OH) a -♦ H*0 + CH*0 

i + ° 

HC=0 -> HaO + CO 

I 

OH 

+ ° 

HO—C=0 -> HjO + COa 

I 

OH 

The formation of the intermediate compounds, formaldehyde 
and formic acid, has also been explainer, oy the peroxidation theory of 
von Elbe and Lewis. 324 The initial product, a pcracid, decomposes at 
the surfaces to give monovalent radicals which carry on the reaction: 

HCO(OOH) -> IICOO + OH 
OH + CH 4 -* HaO + CH 3 
CH 3 + Oa -► HCHO + OH 
OH + HCHO -► HaO + IICO 
HCO + Oa — HOa + CO 
HOa + HCHO II 2 0 + CO + OH 
OH + Wall —* Deactivation 
Bone und Hill, ibid., 129A. (1930). 

3!> Lewis and von Ell>c. “Combustion. Flumes, und Explosions of Gasos," Cambridge 
University (193S), pp. S9. 110. 

a,< Bone. •/. Chem. Soc.. 1599 (1933). 

von Elbe and Lewis, J. Am. Chem. Soc.. 69. 976 (1937). 



THE REACTIONS OF ALIPHATIC HYDROCARBONS 57 

Milas has accounted for the methane oxidation through the forma¬ 
tion of peroxides arising from activated molecules.** 

-Activation —* H 3 C:—»H 


-Dissociation —* H*C* + H 


H 3 CH 


2 H 3 O + O 2 


4- O 2 -> H 3 COOH (Mcthylhydroperoxide) 

CHtO + HaO 

H3COOCH3 (Dimethylperoxide) 

CH 3 OH + CHtO 

H,COOH + HCHO - HjCOOCHaOH — CH s OH + HCOOH 

HCHO+ HCOOH + H, 

A mechanism involving the formation of formaldehyde from free 
hydrocarbons has been suggested :* 7 

CH» + 0 —* CH 2 + HaO 
CH, + O, - HCHO + O 

The formaldehyde is further oxidized to formic acid and subsequently 
to carbon dioxide and water. An unstable oxygena^ module CH.O 
may possibly be formed and decomposed into alcohol and aldehyde. 
This suggestion links the peroxidation and hydroxylation theones 

Another theory based upon primary dehydrogenat.on indicates the 

foilowing reactions: ^* o n a ^ unsaturatcd ^rocarbons. 

2. Combination of the unsaturated hydrocarbon with oxygen to 

—»'' h r “ 

to carbon monoxide, carbon dioxide, and water » 

alkencs are present, their formation may be due to stab.hzat.on of a b>- 

product rather than to an initial reaction. 3 * 

According to the theory of aldehyde degradation for higher alkanes, 
the initial oxidation product is an aldehyde with the same number of 
carbon atoms as the original alkane.- The aldehyde is further _o*id«cd 
with the loss of one carbon atom. Tins process is repeated until prod- 

Milas. Chem. Rev.. 10. 205 (1032). 
ni Norrish. Proc. Roy. Soc. {London). 160A. 30 (1035). 

m Lewis, J. Chem. Soc.. 750 (1020). no/ioui 

”• Ubbelohdo. Proc. Roy. Soc. (London), 162A. 3o4 378 { 

Pope, Dykstra. uud Edgar. J. Am. Chem. Soc.. 61. 187o (1020). 
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nets are formed which are resistant to further oxidation or a tempera¬ 
ture is reached at which general decomposition of the molecule takes 
place. The point of initial oxidation is on the carbon at the end of the 
longest unbranched chain. 308,330 In the case of branched molecules, the 
reaction rate decreases when the branch is reached. The slower reaction 
rate results from the formation at the branch of a ketone, which is more 
resistant to oxidation than an aldehyde. Chain propagation of the re¬ 
action is common to all the theories discussed, i.e., hydroxylation, per¬ 
oxidation, activation of the molecules and formation of free radicals, 
and aldehyde degradation. 

Catalytic Oxidation of Alkanes. Alkane oxidation may be catalyzed 
by nitrogen oxides and metals. 318,331 The pronounced effect of nitrogen 
peroxide is probably related to the case with which the valence of nitro¬ 
gen may be changed, 332 although initial combination of the hydrocarbon 
and nitrogen peroxide may occur. 333 * 334 In the case of methane, this un¬ 
stable complex would decompose to formaldehyde and a nitrogen oxide. 
Methyl nitrite has been used as a promoter in the oxidation of methane 
and ethane. 333 

Some metallic catalysts promote alkane oxidation so that equilibrium 
is reached almost instantly. Platinum, silver, copper, palladium, and 
manganese vanadate may be used satisfactorily under certain con¬ 
ditions. 336, 337 * 338 

Use of Oxidants Other than Oxygen Gas. Metallic oxides may be¬ 
come oxygen donors in oxidation reactions with or without catalysts. 
Copper oxide was found to be the most effective oxidizing agent; oxides 
of iron, tin, zinc, and cobalt were less effective. 33 ** 340 The reaction of 
ethane with selenium oxide was slow and incomplete, resulting in the 
formation of glyoxal, acetic acid, and carbon dioxide. 341 

When catalysts were used with cupric oxide and methane, their effi¬ 
ciency in the reaction occurred in the following order: cuprous chlo¬ 
ride, 33 ** 342 ■ 343 cobaltous oxide, 33 *- 343 manganese dioxide. 340 Ferric ox- 

1,1 Gimmclinnn. Neumann, and SokofF. Ada Phyjicocfiim. U.R.S.S., 6, 903 (1030). 

888 Luyng and Souk up. Ind. Eng. Chcm., 20. 1052 (1928). 

8,8 Scrbinov and Nicnian. Com/ 4. rend. U.U.S.S., 2. 297 (1934) (C. .4.. 28. 6320 (1934)). 

334 Smith and Milner. Ind. Eng. Chcm.. 23. 357 (1931). 

3,3 Giinmohnan and Neumann, Ada Physieochim. U.R.S.S., 7. 221 (1937). 

Davies. Phil. Mag.. 21. 513 (193G). 

J3 ’ Boomer and Broughton, Can. J. Research. 15B. 375 (1937); Boomer aud Thomas 
ibid., 16B. 401, 414 (1937). 

411 Keycraon and Swearingen. J. Phys. Chcm.. 32. 192 (1928). 

3 ” Campbell and Gray. J. Soc. Chcm. Ind.. 49. 450T (1930). 

3,0 Neumann and Wang. Angcv. Chcm., 46. 57 (1933). 

341 Riley and Friend. J. Chcm. Soc., 2342 (1932). 

343 Cumpbcll and Gray, J. Soc. Chcm. Ind., 49, 447T (1930). 

343 Arm.il, ibid., 63. S9T (1934). 
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id e Mo. 343 ceric oxide,* 1 * chromic oxide, molybdic trioxide, and a uranium 
oxide, U 3 0 8 , were also used as catalysts in methane oxidations. Lead 
chromate **• as an oxidizing agent yields carbon monoxide from methane. 

Perchloric acid has been used with methane, ethane, and heptane. 
The resulting compounds were products of incomplete oxidation, and 
much carbon monoxide was formed.* 1 * 


Oxidation of Alkenes 

Oxidation reactions of the lower alkenes indicate that the hydroxy- 
lation and peroxidation theories for alkanes also apply to alkenes. 
Cyclic oxides form readily at points of unsaturation. Chain propagation 
of alkene oxidation is evidenced by an induction period ,* 1 the inhibitory 
effect of excess oxygen,* 1 * and the retardation due to increased surfaces. 
Uncatalyzcd alcohol formation from alkenes is a reversible reaction in 
which the equilibrium is well over on the alkene side.* 1 ’ The reaction is 
most favorable for ethene, and increasingly small yields arc obtained as 

higher alkenes are used. ... , 

Nitric oxide and metallic salts and oxides have been used to cata¬ 
lyze the oxidation of alkenes. Catalytic hydration of alkenes produces 
alcohols, but. equilibrium conditions are, in general, unfavorable for this 
reaction. Ozone, hydrogen peroxide, selenium oxide, potassium per¬ 
manganate, and peracetic acid have also been used to oxidize alkenes 
The point of initial oxidation with different oxidants varies with the 

structures of the alkenes. 

Thermal Oxidation of Alkenes. Thermal oxidation reactions of the 
l-alkenes in the vapor phase arc less intense than those of the corre¬ 
sponding alkanes. Thermal decomposition occurred at high tempera¬ 
tures in the presence of oxygen but at a much slower rate than oxida¬ 
tion.* 1 * At temperatures above 500° polymerization became a dominant 

factor even when diluents were used.* 1 * . , . 

Ethene oxidations yield aldehydes and unsatura ed alcohols previous 
to the formation of any oxides or peroxides ,** 1 although m one ease 
ethene oxide **• was reported as an initial product. Propcnc and iso¬ 
butene reacted much more rapidly with oxygen than did ethene .* 1 
Oxidation of the heptenes indicates that the initial action of oxygen is on 
a non-terminal saturated carbon atom.*” Oxidation of n-oetene, except 

Viulurd-Goudou. Com/*, rend.. 203. 503 < * 930 J- 
m Thompson and Hinabclwood. /'roc. l{ A > \^^ ndoHh 126A * " ?7 
**• Bone. Half nor, and Banco. « bul.. 143A. 10 (U33). 

Stanley. Youell. and Dy.nock. J. Sac- < *«"• lnd - 63 * ~ 0oV (l9>,4) - 
w Dairfl. Ind. Eng. Chtm., 20. 1055 <**«>• 

»*• Lcnhcr. J. Am. Cfum. 53. 2420 UOdl). 

“° Beatty and Edgar, ibid.. 66. 107 (10.M). 
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for a higher reaction temperature, was similar to that of n^octane , 830 
and indicated that the octene reaction began not at the point of un¬ 
saturation but at the opposite end of the molecule. 

The hydroxylation theory advanced for saturated hydrocarbons was 
also applied to alkenes : 124 


CH 5 

II 

CH- 


loi 


CH- 


lOl 


CHOH 


CH3CIIO 




HjCv 

hP° 


CHOH 

II 

CHOH 

i 101 
HCHO — 


HCOH 


loj 


HOCOH 


11 11 

0 1 0 1 

H *0 + CO H ,0 -f CO, 


According to the peroxidation theory, the primary reaction of cthene 
and oxygen yields a peroxide which reacts further with the alkene to 
produce alkene oxides. The unstable oxide decomposes to acetaldehyde, 
and complete oxidation of the aldehyde follows: 


CH* 

II + RO* — 
CH* 


-> CHaCHO 


CH^ , 
CH 


/° + 


RO 


Oxidation of 2-butcne indicated the probability of peroxidation as the 
primary reaction . 841 If hydroxylation predominates, the following 
scheme explains the reaction: 


CH,CH=CHCH, 

|i°i 


CH, 

1 

9 ^ Rearrangement 

CH, 

CH, 

COH 

II 

| 

Jo, COH 

< - 

-> II 

CII* 

t 

CII 

1 

CH, 

COH 

i 

CH* 

1 

CH, 


CH, 

i 

CH, 

1 

1 

Rearrangement C O Iq. 

c=o 
► 1 

HCOH 

| 

0=0 

1 

CH, 

CH, 


Such ketone formation was not substantiated by experimental evidence. 
The acetaldehyde, butadiene, alkene oxide, acids, glyoxal, and water 
found in the 2 -butenc oxidation products are, however, accounted for 
by a mechanism in which peroxidation is the primary reaction. 

Wl Lucas, Prater, and Morris, ibid., 67, 723 (1935). 
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CH 3 CH 3 CH, 

—> CH« + CO 

CH 0| CH-0 CHO 


CH 3 


Polymers 


CH CH-0 CHO ^ 


„ r ii CH \ 

—> CH 1 CO 1 OH > + CHjCOOH 

Peracetic CH X 


ch 3 ch 3 ch 3 3S 

Butene peroxide 
1 +C«H, 

(CHaCH)tO- 

2,3-Butcne oiide 


CH' 

I 

CH, 

2,3-Butene oxide 

J 


i 

CH, 


CO + H, 

CH 20 , CHO T ^ 

| | + HCHO 

CH CHO | 0 

II GIy .' i 

CH, HCO,OH 

Per- 

formic 

acid 

CO, + H,0 

Catalytic Oxidation and Hydration of Alkenes. Oxidation of alkonos 

cHminated hc induction period and shortened the reaction period- 
“coated propone oxidation^ 

Val 'oLt!dyUc^>ydraHon n ‘ , f > *^e 0 “** i ^ c ® l ” 1 “ sll " ot been entirely successful 

to displace . u of et hcnc at atmospheric pressure. 9 ” 

S^ ^Methyl-l-propcnc and 2 -methyl- 2 -butcne were hydrated ... 

J w Bliss and Dodge. Ind. Eng. Chem '\**L}* ( 9 
» M Marek and Fledge, ibid.. 24. 1428 <U».*2). 
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the presence of potassium nitrate and nitric acid. 360, 381 Other acids were 
used with 2 -methyl- 2 -butene, and the order of the catalytic influence of 
0.1 molar solutions was: dithionic>sulfuric >hydrochloric, hydrobro- 
mic > nitric > p-toluene-sulfonic > picric > oxalic, acetic. 

Use of Oxidants Other than Oxygen Gas. Ozone has been used to 
a limited extent in alkene oxidation. The ozone acts as an oxidant and 
also as a catalyst for the alkcne-oxygen reaction. Mixtures of ethene 
and oxygen normally become explosive at temperatures 362 above 500°, 
but, in the presence of ozone, explosive reactions occurred around 400°. 

Ci.s-glycols, which have not been widely investigated, are formed by 
the reaction of alkenes and hydrogen peroxide in'the presence of cata¬ 
lysts . 363 Inasmuch as hydrogen peroxide without a catalyst has no 
effect on an alkene double linkage, catalytic action may consist of split¬ 
ting of hydrogen peroxide into hydroxyl radicals which then add to the 
double bond . 364 Osmium tetroxide is a suitable catalyst . 366 Hydrogen 
peroxide with vanadium pentoxide or chromium trioxide produced the 
glycol from 2-methy 1-2-butene. A pentene-hydrogen peroxide reaction 
over ferrous sulfate yielded acetone, acetaldehyde, formic acid, and 
carbon dioxide, but no glycols were detected . 366 

Selenium dioxide and ethene reacted slightly at room temperature 
to produce the trimeric glyoxal . 341 The propene reaction was similar 
to that of ethene, but higher alkenes reacted only at elevated tem¬ 
peratures and produced mixtures too complex for analysis. 

Oxidation of alkenes with dilute potassium permanganate results in 
the addition of two hydroxyl groups at the point of unsaturation. Pro¬ 
longed oxidation or use of more concentrated acid causes complete 
oxidation to carbon dioxide and water. When higher alkenes are oxi¬ 
dized with potassium permanganate, scission occurs at the double bond, 
producing two acids. This reaction used as a test for the point of 
unsaturation of alkenes. 

Oxidation of Alkynes 

Very little work has been done on the oxidation of alkynes, and 
practically none on the homologs above ethyne. The cthyne-oxygen 
reaction gives glyoxal, formaldehyde, formic acid, hydrogen, and the 
monoxide and dioxide of carbon , 334 * 367 and is apparently chain-propa- 

360 I.ucus and Ebcrz, J. .im. Chun. 8'.*c.. 5G. 400 (1034). 

361 Lucas and Liu, ibid., 66, 2138 (1934). 

383 Sponco and Taylor, ibid., 52. 2399 (1930). 

361 Milas und Sussman, ibid., 69. 2345 (1937). 

384 Milas, ibid., 59. 2342 (1937). 

388 Milus and Sussman, ibid., 58. 1302 (193G). 

388 Barkhash. J. Cm. Chrm. ( I'.S.S.R .). 5. 254 (1035) [C. A., 29. 5007 (1935)]. 

387 Spence and Kistiakowsky, J. Am. Chcm. Soc.. 52. 4S37 (1930). 
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gated “• since an induction period “» and inhibition by an excess of oxy¬ 
gen were noted." 7 At high pressures, increased surf ace-volume ratio 
lowered the reaction rate; at low pressures, similar surface changes had 
a slight accelerating influence. 17 " Nitrogen dilution “ 7 of the ethyne- 
oxygen mixture had a slight retarding effect, Glyoxal and formaldehyde 
cannot be important chain carriers since the former had little influence 
on ethyne oxidation and the latter had an inhibitory effect. 1 ' 

Ethyne has been oxidized in the presence of nitrogen oxides and a 
few metals. Nitrogen peroxide appreciably lowered the reaction tem¬ 
perature of ethyne and oxygen, 17 ' and the principal product was gly¬ 
oxal. 171 Copper, silver, gold, nickel, iron, and platinum were also used 
as catalysts for the complete oxidation of ethyne. 171 

Potassium permanganate was used to oxidize ethyne, 2-pentyne and 
3 ,3-dimethyl- 1 -butyne to acids. 171 In these reactions it is probable that 
any primary addition product immediately splits at the point of unsatu¬ 
ration. Selenium dioxide was used to oxidize 1-hcptync andI I-octj no 
The initial reaction was the substitution of a hydroxyl radical on the 
carbon atom adjacent to the unsaturated carbon. Ethyne and oxygen 
saturated with water vapor and illuminated by a mercury arc produced 

oxalic acid and an aldehyde. 5 ** , .. .. 

The theories of peroxidation, hydroxylation, and bond a. mat on 
which were offered for the more saturated hydrocarbons, 17 may also 

be applied to the alkynes. 37 " 3,8 . . r 

Low-temperature oxidations have been carried out on mixtures of 

aliphatic hydrocarbons such as gasolines and lubricating oils and 11 s 
reaction is responsible for gum formation. Since there has been little 
attempt to carry out these reactions on pure hydrocarbons, these aie 
omitted from this study. 

KistinkowBky and I-cnhor. ibid.. 62. ;t7K5 <*930). 

Spence. J. Chcm. Hoc.. 680 (1«2). 

”• Sleacic and McDonald. J . Chi m. I /»£/'*-. *• 75 (l 
»« Lcnhcr, J. Am. Chen,. Sm 53. 2062 (1931). 
m Lcnhcr. ibid., 63. 3737 (1931). 

”» Davies, Phil. Mag.. 23. 409 (1937). 

”« Krestinsky and Kclbowsknjo. Per.. 68. 61- (1930). 

”* Guillemonot. Compt. rend.. 201. 904 0935 ' 
m Livingston, J. Am. Chcm. Soc.. (1931). 

m Bono. Proc. Ilo U . Soc. {London). 162A. ■ 602 ' 

”• BodcuBtcin. Z. phyaik. Chcm.. 12B. 151 (1931). 
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INTRODUCTION 

Carbocyclic compounds are classified on the basis of their behavior 
as aromatic or alicyclic.* With the exception of cyclopropane (generally 
regarded as the first member of the cycloalkane series) and its derivatives, 
the alicyclic compounds possess chemical properties very similar to those 
of the aliphatic scries. It follows that in most instances our knowledge 
of aliphatic compounds can be transferred to the members of the alicyclic 
group. On this account, the chemistry of alicyclic compounds Ls of 
interest primarily because of stereochemical properties inherent in the 
ring form as opposed to open-chain structures. The chemical manifes¬ 
tations of space factors in this field are most pronounced in connection 
with reactions which involve the opening and closing of rings, and in the 
alteration of properties of functional groups which are a part of the ring 
or are directly attached to it. 

Cyclohexane and its derivatives can be made by the addition of 
hydrogen to the corresponding aromatic compounds, and, for this reason, 
they have been called hydroaromalic compounds. It is possible to prepare 
aromatic compounds also by dehydrogenation of the corresponding 
cyclohexane derivatives. However, this relationship of the cyclohexane 
group to the aromatic scries is almost entirely a genetic one; the two 
classes difTer radically in their chemical properties. 

This close connection between aromatic and alicyclic compounds Ls 
undoubtedly responsible for the fact that, of the latter group, the six- 
membered type was the first to be prepared. Indeed, until about 1880 
it was generally supposed that rings smaller or larger than this could 
not exist. 1 All attempts to synthesize such rings had been fruitless, and 
they had not been found in nature. Moreover, there were theoretical 
grounds for this opinion, for it was evident that the smaller rings, at 
least, could not be made from carbon atoms having the rigid tetrahedral 
form which had been used so successfully in solving other structural 
problems. If the four bonds of a carbon atom are directed toward the 
vertices of a regular tetrahedron each forms an angle of 109° 28' with 
the others. As a matter of fact, it is impossible, by use of such atoms, to 

* The term alicyclic was suggested by Bamberger. Br r. 22 769 (18S9) 

1 Meyer, .4mm., 180. 192 (1876). 
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construct any ring of fewer than five members. The following^taWe 
shows the angles which are required for the formation of the .mailer 
rings, together with the deviation in each case of the valence bond from 


Hydrocarbon 

Formula 

Angle 

Deviation 

Ethylene (cycloethane). 

CHi=CHj 

CH,—CH, 

0° 

60 

54° 44' 

24° 44' 


x c£ 




CH,—CH, 

90 

9° 44' 


^H,—CH, 

CHr-CII/ 

10S 

0° 44' 





Between 1880 and 1885, however, came a rapid succession 

boxylic acid. 2 

CH*-CH*CO*H . CHCO jH 


Cl cl 
I 

ho 2 cciu—ch, 

/J-Cl.loropropionk 
»cid 


CH, 

I I 

HOsCCH—CH* 


1,3-Cydobut.ncdio.rboaylic 

acid 


»cia 

. .. , . „f,. r this Freund 1 succeeded in making cyclo- 

propwie—-^"hydrocarbon^ containing a three-membered ring-by the 
action of .sodium on trimcthylcnc bromide. 

/CHiBr /C lU 

CH, + 2Na - CH* ; + 2NaBr 

^CHiBr N:Hj 

Trimclbylcnc bromide Cycloprop.no 

A little later Perkin* found that ethyl malonatc condenses with tri- 
IS™toS m the —> ^i«n. nU,.»do » „v. ethyl 

1, 1 -cyclobutanedicarboxylate. 

* Markownikoff and KrcaUrwnikolT. Ann.. 208. 333 (1881). 

» Freund. Monalth.. 3. 026 (1882). 

« Perkin, Her., 16. 1793 (1883). 
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^/CHjBr /COjCjH* y&OzCiHt 

CH, + CH, NmQQtlfr C H 2 C 

'' s CH 2 Br \x>«CjH t S 'CO s C 1 H» 

Ethyl 1,1-eydobutane- 
di car boxy la to 

These results established the existence of three- and four-membered 
carbon rings and demanded drastic revision of the current opinions 
regarding the stereochemical character of the carbon atom. 

Baeyer’s Strain Theory. An ingenious and very plausible solution 
to the problem was advanced by Baeyer, 5 who assumed that the normal 
angle between the valence bonds of carbon was 109° 28', but that it was 
possible for this angle to be altered. Any deviation from this angle, how¬ 
ever, was supposed to bring about a condition of strain which, according 
to the theory, was attended by a corresponding decrease in stability. 
The greater the strain involved, the less would be the stability of the 
resulting compound. 

Striking confirmation of this theory was obtained almost at once by 
Perkin,® who succeeded in preparing a compound containing the cyclo- 
pentane ring. By condensation of two molecules of malonic ester with 
one of trimethylene bromide, he obtained a tetracarbcthoxypentane 
whose sodium derivative, when treated with iodine, gave ethyl 1,1,2,2- 
oyclopentanctctrncarboxylatc. 


/CII.Br CH,(C0 2 C,H>), 
CH, + 

N 'CII 2 Br CH 2 (COjCiH»). 
—C(C0 3 C 2 H 5 ) 2 

ch 2 

\ Na 

\ I 

X CII 2 —C(C0 2 C 2 Hs) 2 


/CH,—CH (CO,C,H 5 ), 

--A CII, 

'CHj—CH(C0 2 C 2 H») 2 
/CH 2 —C(CQ 2 C 2 H 5 ) 2 


x ClIr- C(C0 2 C 2 II 6 ) 2 

Hydro |y .s i s_° f the ester gave an acid which, when heated, lost carbon 
dioxide and yielded 1,2-cyclopentancdicarboxylic acid. 

cn^c< C °= H 

/ | N:o 2 h /Ch 2 ~ciico 2 h 

CH, c 

\ I /C0 2 II \ 

CH*—C< N^II,—CHC0 2 Ii 


6 Baeyer, Her., 18. 2277 (1885). 
8 Perkin. Der.. 18. 32-16 (1SS5). 
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It should be pointed out that, according to Baeyers theory the 
cyclopropane ring, since it possessed greater strain, should be less stable 
than the cyclobutane ring, and that, in turn, the latter should be less 

stable than the cyclopentanc ring. The 1,2-cydope..t 

acid was, indeed, found to be extremely stable, and so completely ful 

filled the predictions of the theory. . . 

It may be said at once that, for hydrocarbons having rings smal¬ 
ler than ^hat of cyclohexane, the theory of Baeycr is in fairly 
satisfactory agreement with the facts which are known at the present 
£ although the physical nature of the strain is not yet fully 

Un< S[rainless Rings. An integral part of Baeyer’s strain theory was 
that the carbon atoms of the ring must lie in a plane, and, oh tins basis, 
he predicted that the formation of large rings would involve "cgatn* 

greater in proportion to the size of the ring. 



Cyclohcwno 




'CHr.-CH. 

CydoOctaoe 


This postulate was jpo^to account for«- Jhct that ££ mor; 

y uttabl Moreover, it implied that very large rings 

W0U ^r^r"‘S has proved to be misleading if not en¬ 
tire!/ erroneous. Sach.sc ’ was the first to perceive that he so-called 
tireiy erroneou nngs might, in fact, be 

negative strain need not «uit and ard ^ ^ for neai , y tl ,irty 

strainless. 1 revived and elaborated by Mohr," and witlun 

years, but was eventually rev.^ea |>y cxperinlcnt . The idea 

ofSactaTmay 8 ^ illustrated by reference to models. When, by the use 
of tetrahedral atoms, models are constructed for r ln Rs c o n,am,ng more 
than five members it is found that the atoms forming the ring do not lie 
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in a plane as they do with smaller rings. For example, six tetrahedral 
atoms may be united as shown in Fig. 1 or 3. 





Fiq. 3 


These models differ from the planar one shown in Fig. 2 in that they can 
be constructed without distortion of the tetrahedral form of the atoms 
involved. For the atoms to be in a plane as in Fig. 2 it is necessary, as 
noted earlier, to introduce "negative” strain; i.e., increase the angle be¬ 
tween the annular bonds to values greater than the normal. 

Since stable rings which contain more than thirty members are now 
known there is no necessity for assuming a planar form for any ring of 
more than five members. As will appear in the sequel, this theory has 
been confirmed by the work of Ruzicka, HUckel, Ziegler, and others. 
Rings of this type arc known as strainless rings. The compounds con¬ 
taining very large carbon rings have been made in a variety of ways and 
have been found to possess stabilities comparable with those of the corre¬ 
sponding open-chain compounds. It should be mentioned, however, 
that there Is evidence that some strain persists even in the compounds 
containing very large rings.® 


Th ? Occurrence of Alicyclic Compounds in Nature. Rings of the 
alicychc type abound in natural products. Most of these consist of five 
or six members. Thus the ivmbenzenuid cyclic hydrocarbons obtained 
from petroleum generally l, v- as naphthenes -as well as naphthenic 
acids arc chiefly derivatives ot cyclopentane and cyclohexane. 

The most important group of naturally occurring alicyclic compounds 
is formed by the terpen" and tl.eir derivatives. These occur in essential 
oils, particularly those from citrus fruits; they are also found in oil of 
turpentine and sinular materials made from coniferous trees. They 
embody rings of all sizes up to and including the cyclohexane ring, which 
is the one most frequently encountered. A glimpse of this vast field is 
afforded by a list of the skeletal structures of the principal types. 

1 he most important monocyclic compounds in this group are deriva¬ 
tives of p-menthane. Limonene and menthol are examples: 


• Carothcrs and HiU. J. Am. Chcm. Soc.. 55. 5043 (1933). 
10 v. Braun, cl at., Ann.. 490, 100 (1931). 
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CH, 

ch 2 ch 2 

I I 

ch 2 ch* 

I 

/ CH \ 

ch 3 ch 3 

trMeiitliuiiv 


ch, 

I 

/• c \ 

CH CH, 

I I 

CH. CH. 

N^h/ 

I 

/ C % 

CH, CH, 

l.inioucuo 


CH, 

I 

/CH\ 

CH. CH, 

I I 

CH, CHOH 

Ah/ 

I 

/C H X 
CH, CH, 

MrblUul 


The bicyclic compounds which have the cyclopropane ring m deriva¬ 
tives of thujane and carane. Sabinene and thujone are among the thu- 
jane derivatives which occur naturally. 


CH, 

I 

> H \ 

CH; 


I 


HC 

H,C \ CH, 

I 

/ CH \ 

CH, CH, 

Tliujuoc 


CH, 

II 

/ C \ 

HC CH, 

|\ I 

H,C \ CH, 

\c/ 

I 

/ CH \ 

CH, CH, 

Sabinene 



CH, CH, 

Tbujouc 


The carane group includes 3-carcnc and carone. 


ch 3 

I 

/ CH \ 

CH, CH* 

I I 

CH 


CII, 

I 

C 


CH 

I 




CH* 

I 

CH 


CH, 

I 

/ CH \ 

CH* CO 


C ^c: 

„ ^ 3 3-C.rcno Carooe 

Carane 


such as o-pinene and myrtenal, contain 
. • % • 


The pinane derivatives, such as a-p.nene unu ~ 

four-membered ring in addition to the usual stx-.nembcrcd nng. 


a 



H,C 


ch 3 

I 

ch 3 ch 2 

''C-CHj | 

CH, 

S TBf 

Pinnno 
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CH 3 

/°\ 

HC\ CH, CH 

I^C-CH, | 


CHO 

I 


ch 2 


v cik 

a-Pincne 


ch 3 ch 

I 

c-ch* 

ch 2 


x cir 

Myrtcnul 


Camphor belongs to the camphanc scries, the members of which have 
a structure made up of two condensed five-membcred rings. The isocam- 
phane, fcnchane, and isobomylane groups arc similarly constituted. 

CH 3 CH, 

I /CH 3 

«... X. «-.»» nu Q_QQ ni.—rn— C' 


CH«-C-CH 2 

I 

CH*-C—CH* 

CH,-CII-CH* 

Cnmphanc 


CH,-C-< 

I 

CH*—C—CH* 

I 

CII,-Cl I- 

Camphor 

,ch* 


CH,—CH—C< 

| X CII* 
CII 2 

CH,—CH—CHCH 3 

iBoramphunv 


CH*—CH—C< C 

1 

CH, 

j 

X CH* 

CH,—C ( 

:h, c 


CH,-CII-CH, 

I 

CH,-C-CH* 

I 

CII 2 -CH-CHCH* 


CH, 

Fcnchane 


Fcochanc laobomylanc 

An inspection of the foregoing structures reveals the striking fact 
that each is made up of two i^oprenc units, as is shown by the following 
diagram: 


C-C—C 

_I_ 



C—C—C—c 

I 

c 


Carbon skeleton 
o( camphor 


Carbon ak< l«ion 
of caronc 


Carbon skeleton 
of iaoprcnc 
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The structural unit represented by isoprene is also to be found in open- 

chain terpenes and sesquiterpenes. 

Complex alicyclic ring systems also appear in many of the more com¬ 
plicated structures which have been found in nature Among these are 
the higher terpene compounds, the sex hormones, the sterols, the bile 
acids, the resin acids, the sapogenins, and certain alkaloids. 

The elucidation of the structures of such natural products and the 
synthesis of their analogs has always been one of the most attractive and 
useful occupations of organic chemists, and from the preceding section 
it is evident that much of the work in this field has been concerned with 
the synthesis of alicyclic rings. Fortunately, the six-men,bercd ring 
which is by far the one most frequently encountered, can be made by 
hydrogenation of the benzene ring. For the preparation of rings of o her 
sizes the chemist has used three types of methods, namely, ring closures, 
ring expansions, and ring contractions. 

THE SYNTHESIS OF ALICYCLIC COMPOUNDS FROM 
AROMATIC COMPOUNDS 

The transformation of benzenoid compounds into the corresponding 
cyclohexane derivatives by hydrogenation is a very 
which is frequently used. The preparation of cyclohexane by hydro¬ 
genation of benzene over nickel at 180-200 was first accomplished by 
Sabatier and ScndcrcnsNaphthalene, under similar conditions, yields 
tetrahydronaphthalenc (tctralin), and at higher temperatures and pres¬ 
sures dccahydronaphthalene (decahn) is produced 

The partially hydrogenated rings are very react lie, and in the pres¬ 
ence of hydrogen acceptors tend to revert to the benzenoid condition by 
loss of hydrogen. In fact, disproportionation is frequently observed. 
Thus, Zelinsky and Pavlov “ showed that, in the presence of palla¬ 
dium or platinum, and at temperatures somewhat above heir boil ng 
points, both cyclohexcnc and cyclohcxadicnc are irreversibly contorted 

into mixtures of benzene and cyclohexane. 

Some aromatic compounds, such as benzoic and phlhahe acids, can 
be reduced by means of sodium and alcohol, but the method does not 

SS.’Stuh-1— 

(p. 817) of benzene. Sabatier and Senderens discovered that nickel was 
a catalyst for the hydrogenation of various aromatic compounds in the 

» Sabatier and Scndcren*. Comp*. 132. 210 (1901). 

>* Zelinsky, Bcr.. 68B. 8G4 (1926). 

'* Zelinaky and Pavlov. Bcr.. 66B. 1420 (1933). 
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vapor phase. This method has not been particularly useful in the labora¬ 
tory. The method of Ipatieff for hydrogenation of compounds in the 
liquid phase at high pressures has led to the development of the present 
practice which involves improved nickel catalysts and pressures from 
50 to 200 atmospheres at temperatures from 100 to 200°. By this method 
it is possible to hydrogenate almost any aromatic compound. For reduc¬ 
tion at ordinary temperatures and pressures platinum black (Willstatter), 
colloidal platinum (Skita), and platinum oxide-platinum black (Adams) 14 
have been used. 

THE SYNTHESIS OF ALICYCLIC COMPOUNDS BY MEANS 

OF RING CLOSURES 

Almost every type of reaction involving the formation of a carbon- 
carbon bond has been used successfully in the synthesis of alicyclic com¬ 
pounds from open-chain compounds. The probability that a given type 
of intcrmolecular condensation reaction can be made to take place intra- 
molecularly depends largely upon the size of the ring which would result. 
Other factors, however, such as the number and kind of substituents pres¬ 
ent, are often of great importance. The old view, that the ease of ring 
closure was a measure of the strain of the resulting ring system, has now 
been generally abandoned. It has become evident that stcric factors 
other than ring tension play an important part in determining the tend¬ 
ency of a given ring closure to take place. 

Of the numerous methods of ring closure to be found in the literature, 
the following arc among those which have proved to be most useful and 
most interesting from a theoretical point of view. 

The Freund Reaction. The coupling together of two alkyl residues 
by the action of metals such as sodium or zinc on halogen compounds 
has been widely used; yields of 50 per cent or better arc obtained 
in many instances. A similar condensation occurs when polymethylene 
halides react with a metal. 

/CH-X yCH t 

(CHj)„ -+- Zn —* (CHs)n | + Z11X2 

n ''Ch j x Nth, 

This method has been used to prepare rings of three, four, five, and six 
members, but gives good yields only in the cyclopropane series. Cyclo¬ 
butane itself and cycloheptane have not been prepared in this way. The 
synthesis of cyclopropane and its homologs is usually carried out by 
treatment of the bromide with zinc in alcohol; the yields are sometimes 
u Adams und Marshall. J. Am. Chem. Soc.. 60. 1970 (1928). 
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as high as 68 per cent of the theoretical amount. 15 A method has been 
developed for making the hydrocarbon by the interaction of 1,3-dichloro- 
propane and zinc in the presence of sodium iodide. 15 This type of reac¬ 
tion illustrates the close similarity of the chemistry of the cyclopropanes 
to that of the olefins (cyclocthanes). 


R 

I 

.CHBr 

CH< + Zn 
XJHBr 

I 

R 

R-CHBr 

| + Z.i 

R—CHBr 


R 

CH 

CH*/ | + ZnBr, 

N:h 

I 

R 


RCH 

II 

RCH 


+ ZnBr* 


From the standpoint of the strain theory, it is 'nterestmg to note hat 
the formation of the olefin takes place more easily than that of the W 
membered ring which, in turn, forms more readily than he cyclobutane 
ring-a result which is exactly opposite to that predicted by the original 

lhC< CondensaHons of Unsaturated Compounds. The tendency of ole- 
finic and acetylenic compounds to polymerize frequently leads to the 
formation of alicyclic rings. Thus, cinnamic acid under the nfluence of 
sunlight is slowly transformed into truxillic and trux.mc acids. 


CeII 6 CH=CHC0 2 H 

C.H t ,CH=CHC0 2 H 

CinuuDiic acid 


CtHiCIl—CHCOjH 
CtHtCH—CIICOjH 

Truxillic ucid 


and 


CeH s CH—CHC0 2 H 

I I 

HO*CCH—CHCgH* 

Truxillic acid 


Self-addition of this type does not occur with the s.mplest olefins but ,, 
frequently realized with those of higher molecular weight. Such proc¬ 
esses can generally be reversed by heating It has been shown that 
divinylacctylenc undergoes this type of reaction. 

CH—CH-OeC-CH-CH, so- CH^-CH-Q»C-CH-CH, 

CH»—CH—C»*C—CH—CHi CH^-CH-C^C-CH-CH t 

Cyclization of an olef.nic compound to a cyclohexane derivative has 
also been observed. When heated in the presence of methanol and 

“Leapioau and Wakcmun. Bull. Mm.. 61. 3MJ11032). 

•• Htu, McBoo. Hind., and GlucacnkamP. "* **£%£* “ 78 a9J0, • 

11 Cupary and CaroU.er., J. Am Chtm. .Sac.. 66. 1187 (1934). 
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potassium carbonate, vinyl mesityl ketene trimerizes to 1,3,5-trimesi- 


toylcy clohexane . 1 s 

C 9 H 11 COCH 



CHC0C»Hn 

C 9 H 11 COCH CHC0C 9 H u 

1 ! 

CH, 

—> 

CH, 

CH, CH, 

^CHCOCoHn 


CHC0C«H,i 


The Diene Synthesis. 1,3-Butadiene and similarly constituted di¬ 
enes have been found to condense with a variety of unsaturated alde¬ 
hydes, ketones, esters, quinoncs, and the like to give six-membered 
rings. 1 ® The reaction was discovered by Diels and Alder 20 and is gener¬ 
ally referred to as the Diels-Alder or diene synthesis. It may be illus¬ 
trated by 1,3-butadiene and acrolein which combine to give a tetrahydro- 
bcnzaldehyde. 


^ CH * 

/ CH *\ 

CH CHCHO 

CH CHCHO 

1 +11 - 

II 1 

CH CH, 

CH CH, 

\h, 

^CH,/ 


1,3-iiutadicne Acrolein 


In place of the acrolein it is possible to use quinone, maleic anhydride, 
and a large number of other a,/3-unsat»r-^ *l carbonyl compounds. 
Derivatives of cyanoacetic and acctoacctic esters of the following types 
may be included: 


RCH=C 


yCN 


\ 


co,c,h 5 


RCH=C 


yCOCH 3 

i 

* 

^COsCsHs 


However, the synthesis is not restricted to a,#3-unsaturuted carbonyl 
compounds. It has been extended also to styrene, vinyl chloride, vinyl 
acetate, and allyl chloride. 

Isoprcne, 2,3-dimethyl-1,3-butadiene, cyclopentadicne, furan, and 
numerous other substances containing the conjugated diene structure 
undergo this type of condensation. So general is the reaction, in fact, 
that it can be used as a test for the presence of a conjugated olefinic 
linkage in a molecule. The reaction invariably leads to the formation of 

** Fuson and McKeever. ibid.. 62. 20S8 (1040). 

** and Alder. Forischr. Chtm. Org. Xaturstoffe, 3, 1 (1939). 

:o Diels and Alder. .Inn.. 460. 9S (1923). 
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v 

/ C \ 


a six-membercd ring. It may be represented by the following generalized 
equation. 

o' -o' « 

-C + -CR -c <k R 

V; V 

If the diene forms part of a ring the product will be a bicyclic com¬ 
pound. An example is the condensation of vinyl acetate with cyclopen- 
tadienc; the product is the acetate of a bicyclic alcohol, winch can be 
converted to norcamphor. 21 


CH 

i ;ch. 

CH / 


CH, 


O 


+ I! ✓ 
CHOCCH, 


/? H \ 

CH| CH, Q 
|| CH, | 

CHI CHOCCH, 

N:h/ 


Ht 


CyHopcntadicnc 

c C> /" a fCr * &£ 

H, I 2 CHOCCH, * CH, | CHOH CH,| CO 

\L/ N»/ Njh/ 

Norcamphor 


i 


Intramolecular condensation may also lead to ring iormzUo^ A. 
very interesting example of this is the transformat.on of d.-ffl-bromo 
allyl)-malonic ester into m-toluie acid The condensation is Reeled by 
use of alcoholic potash and presumably involves the formation of a 
diallene as an intermediate. 


CH^CBrCII^ /CO,R 


CH,=CBrCH 


/ \ 


CO,R 


Di-^U-bromoallyl)- 
mjdonic taler 


C H^=C=CH X /H 
C 

cii 2 =c=ch // Nx>,h 

CH r —C=CH 

. HC C—CO,H 

%c—cS 


u Alder and Rickert. Ann.. 643. 1 (1940). 


H H 

•Toluie acid 
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The formation of dihydro-o-toluic aldehyde from a, 7 ,€-octatrienal is 
another remarkable example of. intramolecular addition. 22 

CHO 

I 

C % 

CH 3 —CH CH 

II I 

CH CH 

^CH^ 

Pyrolysis of Salts of Dibasic Acids. The general method of prepar¬ 
ing ketones by heating the salts of the appropriate acids was early applied 
to the synthesis of cycloalkanones. The first of these to be prepared was 
suberone ; it was first made by Boussingault ** in 1836 by distillation of 
calcium subcrate, but its structure was not definitely established until 

/° H *\ 

(CH,), C—O 

Nti,/ 

Cydobcptanono 


(CH,). 

Calcium suberato 


CHO 


H 

CH 3 


v / CH \ 

>C CH 

X l II 

CH CH 

N^H^ 


• • i ^ 


1893—eight years after the publication of Baeyer's strain theory—when 
Wislicenus and Mager 24 showed that it was a seven-membered cyclic 
ketone, cyclohcptanone. 

This method of preparing cycloalkanones is very general, but can¬ 
not be used in the case of three-membered rings. When calcium succinate 
is distilled cyclopropanone is not obtained; there is formed, however, a 
small amount of a six-membered cyclic diketone, 1,4-cyclohexancdione. 



/ co \ 

CH, CH, 

- I I 

CH, CH, 

1.4«Cydohcxancdionc 


This is one of many instances of the preferential formation of a six- 
membered ring where the closure of a three-membered ring is desired. 
Calcium glutarate is even more interesting, for here one would expect to 
get a four- or an cight-meinbered ring, neither of which forms readily. 

" Bcrnhaucr and Neubuucr, It inch cm. Z., 251. 173 (1932). 
u Boussingault, Ann. Chem. Pharm., 19. 30S (1S3U). 

14 Wislicenus and Maser, Ann., 275. 357 (IS93). 
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In conformity with this, no cyclization whatever is observed. A ery 
special instance of the closure of the four-membered nng by this method 
has been reported by Stark, who obtained "domethylatcd pmone by 
heating the calcium salt of hcxahydroisophthalic acid. 


/ C 


ch 2 

I 

CH* 


h 2x/ h 
c—co 2 h 
I 

ch 2 


CO-H 

I 

II 


CH,_-"CH 

I CO | 
CHtl CH, 


In place of the calcium salt, others, such as the barium, cerium, 
yttrium, and thorium compounds, have likewise been subjected to 

having very large rings.* Cycloalkancdiones are a!*o obtained. 


(CIIO 


/ 


>C0 2 II 


a 

X -CO,H 


/ C0 \ 

(ClI,).«CO. (CH,). (CH,)» 

'CO' 


np, . . . _ m fnr rpnorted is a ovcloalkanedione of thirty-four mem¬ 

ber These compounds will lx- described in more detail in a subsequent 

“'The mechanism of this reaction is 

however, that *£ 

salts with those afforded by the old 
method (using calcium salts). ^ Cent ^ ^ ^ 

CYCLOALKANONK UsiNO 

Acid Calcium Salt Thohiom Salt 

. n 0 

Glutanc u 

Adipic 

Piroclic 
Suberic 
Azclaic 

Recent work indicates that the ring closure resembles the Dieckmann 


45 

40-50 

35 

5 


15 

70 

50 

20 


“ Stark. Bcr., 46, 2300 ( 1012 ). 

*• Ruzicka. Stoll, and Schiuz. //«/*• C h,m. Ada. 9. 240 (1920). 
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reaction, the salt of a keto acid being formed and subsequently decom¬ 
posed to give the cyclanone. 27 

,COM yCO /CO 

(CH 2 )„ — (CH-)„ | -> (CH 2 ) 

N 'CH j COjM ^CHCOtM N3H, 

In an attempt to formulate a rational explanation of the variation in 
yield with increase in the number of atoms in the ring Ruzicka and his 
co-workers 23 postulated that the cyclization depends on two factors. 
One, the distance between the ends of the chain, will obviously favor the 
formation of small rings and oppose that of large rings. The second fac¬ 
tor, according to the theory, depends on the intrinsic stability of the 
rings, and will, in consequence, favor the formation of strainless rings. 
Expressed graphically this postulate pictures the actual yield (curve c) 
as the resultant of the “distance factor” (curve a) and the strain factor 
(curve b) as shown in the following figure: 



23456 789 10 

Number of Carbon Atoms 

Fia. 4 • 


An interesting and useful modification of the foregoing method was 
developed by Blanc, who found that slow distillation of the anhydrides 
of certain dibasic acids produced cycloalkanoncs. 2 ® Only a little cyclo- 

” NcunhocfFcr and Paschke. Dcr., 72B. 919 (1939). 

'' Ruzicka. Bru Kg cr. Pfeiffer. Schinz, and Stoll. Ber., 9. 499 (1926). 

* From Ruzicka and co-workers, //c/p. Chim. Acla. 9. 499 (1920). (Courtesy of the pub- 

lifhcrt.) 

Blanc. Com pi. rend.. 144, 1350 (1907). 
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heptanone could be produced in this way, and even for cyclopentenone 
and cyclohexanone the yields did not exceed 50 per cent. Alkyl groups 
have a remarkable effect on the yields obtained as is shown by the follow¬ 
ing illustrative examples, in all of which the yields are nearly quantitative. 

CHaCH—CH,\ 


CHa—CHa 

I >° 

CHa-CHCHa 


CHa—CH 

I 

CH- 

I 

ch 3 


CHav 

^>CO 

CIV 


I >co 

CHjCH—CHa' 
CHa-CHCH s 

^>CO 

Clla—CHCHaCH—CHa 


CHa 

I 


CHa—CHa 

Nco 

CHa—C—CH(CH 3 )a 


C1I: 


CHa—C(CHa)a 

I >° 

CHa—CHa 



CHaC(CHa)a 
C Ha<( />CO 
CHaCHa 
CHa-CHCHa 
CHa< ^>CO 


C— -CH, 

II 

(CH,)a 

™ pvamnlc of the general rule that the presence of alkyl 

This is a striking example of J ((CH 3 ) 2 C) enhances 

groups and cyclization. The original strain the- 

the tendency J e influences of substituents. 

ory o Bacyer takes' in wha t is known as Blanc's rule » 

Blanc s ^ults ^ and p i mc Uc acids are heated with acetic 

which sUtes tha J abou t 300°) cycloalkanones are formed, 

whereas succunc a K ^ used frequently in determimng the 

constitution of dibasic acids of the hydroaromatic scries.- It is now 
“WindouB, Hticket and Rovercy. Bcr.. 86. 91 (1923). 
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know’ll that this rule is not always valid; sometimes when the two car¬ 
boxyl groups are attached to different rings, a seven-membered anhydride 
forms . 31 

Perkin’s Method. The method of Perkin, already mentioned (p. 67), 
involves the use of compounds containing active methylene and methinyl 
groups together with polymethylene halides, and Is capable of wide 
variation. Perhaps the simplest example is the preparation of cyclopro- 
panecarboxylic acid from ethylene bromide and malonic ester. The 
condensation takes place in the presence of sodium ethoxide and involves 
two steps.* 

CH:Br XO,C*IU CIIi^^^/COsC.H* CH^/CO^H* 

ClI : Br + XX),C 3 II* ClIjBr NxhC 3 II» Cll/ 

Saponification of the ester yields 1 , 1 -cyclopropancdicarboxylic acid 
which when heated passes into the monobasic acid by loss of carbon 
dioxide. 

ClI^ yCOiCilh CH*y^ /CO : II CH^ 

I C — J C CIICOjH 

ch,/ N:ojC,h, ch /' ^co.ii cu /' 

The method has been used similarly for the preparation of the corre¬ 
sponding four-, five-, six-, and seven-membered rings. The yields corre¬ 
spond approximately to the predictions based on the assumption that 
the tendency of a ring to form is governed by the amount of strain it 
possesses; i.e., they fall in the tollowing order: C 5 > Co > C 4 > C 3 > C 7 . 
In the case of the cyclopcntanc derivative the yield is nearly quantitative. 

Similar results arc obtained with acetoacetic ester. Thus, with tetra- 
methylene bromide the principal product is ethyl 1 -aceto-l-cyclopentanc- 
carboxylate . 32 

CII,CH 2 Br /CO^C-IIi CH-CH-. /C0 2 C 2 H 5 

+ cll* -> t C 

CIIjCHjBr N 'COCII, CH,C1I,/ ^OCH, 

Hydrolysis and decarboxylation in these eases lead to the formation of 
the corresponding cvcloalkyl methyl ketones. 

/C0 2 II / Cll *\ 

(CH*), C — (CHj) n CHCOCH 3 

TH/ ^COCHj \CH 

31 Windaus. Z. ithyniol. Chew.. 213. 147 (1932). 

• Mcinoke. Cox. and McElvain showed (hat use of (lie magnesium derivative of inulonio 
cMvr led to the formation of a small amount of 1.1.4,4-tetracarbethoxycyclohexane 
J. Am. ( hem. Soe.. 57. 1133 (1935). 

Goldsworthy. J. Chan. Soc., 377 (1934). 
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This synthesis has been carried out for the cases in which n - 0, 2, 3, 
and 4, but not for that in which n - 1. In the condensation with ethyl¬ 
ene bromide the second phase of the reaction gives a second product 
derived from the cnol form of the ketone. 


CH*—CH 

I 

CH 2 Br 


/CQzCzHb 

Nx)ch, 


Ni»OCjH» 


CH*—CC0 2 C 2 H 6 


-> I 


CH* CCH 3 

' x o // 


In the case of trimcthylcne bromide (n = 1) the cyclic ether-a dcriva- 

tive of dihydro- 1,4-pyran—is the sole product. 

Of particular interest is the resolvable (p. 340) apjroheptaned,car¬ 
boxylic acid prepared from pentaerythritol by the foUowmg series of 

transformations: * 


HOCHty yClUOH 


N 'CO ! C ! H 1 


BrCHts^ /CH,Br 
• c — C 

HOCH/ X CH,OH BtCh/ X ClI : Br 

CsHsOiCs. BrCH^ yCH,Br y CO,C,H, 

CH, + X + CH, 

CjHiOjC/ brCH, CH,Br 

CWtH\ / CH ’\ ^H^COiCH. 

C t lUOJC / ' X Ch/ Nsh/ Ss C°*CiH k 

HftCv / CH »\ /° H *\ /C°* H 
c c c 
./ Nch/ Na/ x co,h 


N*oc,n» 


beat 


IIO*C 


h n /CH^ /CFK /CO,H 
c c c 
HO,c/ X cn/ W X H 

Methods were also devised by Perkin for the synthesis of cyclic acids 
in which the carboxyl groups were situated on different carbons. T 
following examples will suffice to show the broad scope of these methods. 

• The .old wu, prepared by Fecht ««» ™ " """ 

Schurmk \Vcrslao. Akad. W.un^happcn Amsterdam. 31. 3*4 (1928)|. 
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XHCCOaOHs)* 

CH 2 + CH 2 I 2 

^CHCCOaCjHs)* 

C(C0 2 H) 2 

CH2<^>CH 2 

C(C0 2 H) 2 


NaOCiH, 


/ 

ch 2 


CH(C0 2 C 2 H i ) 2 

CH 2 Br 

+ I 

CH- CH 2 Br 

N:h(C0 2 c 2 h 5 ) 2 

C(C0 2 H) 2 

/\ 

ch 2 ch 2 

I I 

ch 2 ch 2 

\/ 

C(COsH)s 


CCCOjCfcHth 

> ch 2 <^>ch 2 - 

CiCOiC^i 

chco 2 h 
-> ch 2 <^>ch 2 
chco 2 h 

C(CO«CsH»)t 

/\ 

ch 2 ch 2 


ch 2 ch 2 

C(C0 2 C 2 H 5 ) 2 

CHC 02 H 

ch 2 ch 2 
I I 
ch 2 ch 2 

CHC 02 H 


The synthesis of norpinic acid by Kerr 53 is a peculiar but very impor¬ 
tant example of this type of condensation. It involves the use of 
Guareschi’s imide, 34 which is made from acetone, cyanoacetic ester, and 
ammonia. 35 


CH 

CH 


CN 

.Tv ilI 2 C02R 

>C=0 + + NHa 

S cii 2 co 2 r 

(!:n 


CH^ 


CN 
I 

/CH—CO 


J\ /V/W-Wv 

>C< >NH + 2ROH + H 2 0 

CHj' 'CH—CO x 


A 


N 


In the presence of sodium cthoxide the irnidc condenses with methylene 
iodide in the following fashion: 


CN 

I 

CIlav /CIICOv 

>C< >NH + CH 2 I 2 
CH,/ ^CIICO/ 

I 

CN 


CtVUOXa 


CN 

I 

C 


-> 


CIlav /C\ COv 

>CII- >NH 
CH,/ X C/- CQ / 


CN 


33 Kerr. J. Am. Chcm. Soc., 61. OH (1029). 

44 Guareschi. A Hi. accad. sci. Torino. 34. 928 (1899). 
44 Kon and Thorpe. J. Chcm. Hoc.. 115. 0S0 (1919). 
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Saponification of this cyclobutanc derivative yields a tctracarboxylic 
acid which when heated gives norpmic acid. 


C0 2 H 

CH- X^-COtH 
C CHj 
cn/ Ny C—COiH 

CO*H 


CHjv XHCO-H 
C ^>CH, 
CH,/ ^CHCOjH 


Norpinic acid 


„ , nn „ is use d in place of acetone this method leads to 

the formation of spirocycloalkane po.ybasic acids. Cyc.opentanone will 
serve as an illustration. 16 


CN 

I 


CHi—CHrs^ /CH—CO^ 

C / N 
CHj—CHi"^ N 'CH—CCK 

CN 


CO s H 

CHi—CHjv /C-COdI 
C ]>CH, 

CH,-Ch/ N ''C—COjH 
COjH 


. .u .K^Hnfrine closure developed by Perkin has already been 

Another method f 8^ ^ ^ fact that compounds containing 

mentioned (p. 6 ), P ’ be caused to undergo a coup- 

act,ve methylene or meth nyl B. P ^ aration of „, a -diaceto- 

lmg reaction of the type^^ ^ Jo accomplish lhis result the 
sodium*derivative of the latter is treated with bromine or iodine. 


ch 3 cochco 2 c 2 iu 

I 

Na 

Na 

ch 3 cochco 2 c 2 h 5 


CHaCOCHCOjC 2 Hi 


+ I* 


+ 2NaI 


CH 3 COCHCOjC 2 Hj 


a v a * ,u, f i i » 4 4-butanctetracarboxylatc, obtained from ethyl 

formation of the 1,2-cyclobutanedicarboxylic acid. 

*• Paul. J. Indian Chem. Soc . 8. 717 (1931). 
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CH*—C(C0 2 C 2 H&) 2 

I 

Na 

Na 

I 

CH2-C(C0 2 C2H 6 ) 2 


CH 2 -C(C02C 2 Hs) 2 

+ Br 2 —> 

CH*—C(C0 2 C 2 H 5 )* 


CH*—C(C0 2 H) 2 


CH*—C(C0 2 H) 2 


CH*—CHC0 2 II 

I I 

CH*—CHC0 2 H 


This metliod can also be used to effect a dimolecular condensation. 
Thus, von Pcchmann 37 prepared ethyl cyclohcxane-l,4-dione-2,3,5,6-tet- 
racarboxylatc from ethyl acetonedicarboxylate in the following manner: 


C0 2 C 2 H & 


C0 2 C*H s 


< HNa I 2 NaCHv 

)C0 

HNa I 2 NaCH / 

I I 

C0 2 C 2 IIs C0 2 C*H* 


OOxGsH& C0 2 C*H s 

I I 

/CH-CHv 

COC y>CO 


\cil- 

I 


CH' 


CO 2 C 2 H 5 COsCsiU 


Cyclization by the Elimination of Hydrogen Halides. A molecule 
which contains an active hydrogen atom and a halogen atom suitably 
situated with respect to it can frequently be caused to form a ring by 
loss of a molecule of hydrogen halide. The second step of Perkin’s 
original method is an example of this: 


CII 2 CII(C0 2 C 2 Hs) 2 

I 

CH*Br 


NaOCt>!» 


CH*. 

>c(co 2 c 2 in)2 

cii*/ 


Markownikoff and Krestownikoff’s early* synthesis of 1,3-cyclobutanc- 
dicarboxylic acid (p. 67) apparently belongs in the same category. 

Similar to this is Perkin’s synthesis of 1.2-cyclopropanedicarboxylic 
acid from a-bromoglutaric ester by treatment with potassium hydroxide. 


CTI 




ClIBrCOsR 


II*CO*It 


/CHCO-II 

cii< | 

x CIIC0 2 H 


1 his method has been employed in the preparation of a wide variety of 
derivatives of cyclopropane. 

A remarkable example of this type of cyclization is the conversion of 
neopentyl and neohexyl chlorides to 1.1-dimothylcyclopropane and 1 , 1 , 2 - 
trimethylcyclopropane, respectively, under the influence of sodium: 37 “ 

17 v - Pcchmann nnd Wolinnnn. It- r., 30. 2509 (1S97). 

SM Whitmore. Popin. Bernstein, and Wilkins. J. Am. Chcm. Soc.. 62. 124 (1041); Whit* 
more and Carney, i bid., 63. 2633 (1911). 
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The Michael condensation (p. 682) leads to many types of molecules 
which may serve for the synthesis of cyclopropane derivatives. For such 
compounds Kohler has developed a method of cyclization which involves 
the removal of a molecule of hydrogen bromide by treatment of the bro¬ 
mine derivative with potassium acetate in methyl alcohol. The following 
example involving the use of nitromethane and methyl m-nitrobenzal- 
malonate will serve to indicate the wide applicability of this method: 38 


NO, 

j=\ /COjCHa 

/ \-CH-C< + CH,NO, 

\ / N:0,CH 3 

NO, 

Or- 


NO, 

■4 


< co,ch 3 

CO,CH 3 


/CO,CH 3 

\ / | X CO,CH 3 

CH,NO, 

NO, 

J=x 


O c ^< 


CH, 

NO, 


CH 

I 

NO, 


CO,CH; 

CO,CH; 


A similar method of closing the cyclopropane ring is due to Henry, 
who found that 7 -halonitrilcs, when treated with potassium hydroxide, 
gave the nitriles of the corresponding cyclop, opanecarboxyl.c acids. 
By use of sodamide in liquid ammonia, 7 -chlorobutyron.tnle has been 
converted to the nitrile of cyclopropanecarboxyl.c acid in yields of 75-90 
per cent« ___ - 

-> | >CHCN 
CH,/ 


CH*—CH,CN 
CH,C1 


NaNII, 


Bruylants' modification of this method involves the addition of a Grig- 
nard reagent (p. 504) to a -y-halonitnle and leads to the formation of 

cyclopropyl ketones. 

CH,CH,CN 


CH,X 


+ RMgX 


CH,CII,CR 

I II 

NMgX 


LCII,X 


I1M.X 


11,0 


CH,. 

>CHCR 

CH,/ II 

NMgX 

” Kohler and Darling J. Am. Chcn.Soe.. 62 424 1 (1930) 

” Clokc, Anderson, Lachmann. and Smith, ibid.. 63. -791 (1931). 


CHk 

-> I >chcor 


CH, 


/ 
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The condensation of phenylacetonitrile with polymethylene halides 
in the presence of sodamide furnishes a very useful method for the prepa¬ 
ration of 1 -phenyl-l-cycloalkanecarboxylic acids. 


/CHjX /CN 

(CH 2 )„ + CH. 

N3h,x N:,h 6 


( ch/ 


CH 


K/ CN 


\CH,/ \c,H s 

/CH,^ yCOiK 

(CH,)- C 

X 'CH,' / 


This method has been used for three-, four-, five-, and six-membered 
rings. 40 

A superior method of synthesis of the cyclobutane ring involves the 
action of sodium cyanide on a,a'-dibromoadipic esters. 41 Apparently the 
6 -bromonitrilc is an intermediate product and the cyclobutane derivative 
is formed from it by loss of hydrogen bromide. 


C0 2 C 2 IU CO*CiH* 

I I 

CH*—CHBr NaCN CH 2 CHCN 

CH 2 —CTIBr CIIjCHBr 

I I 

C0 2 C 2 I u COjCaHs 


C0 2 C 2 H 6 

I 

HBr } CHr-CCN 
CII 2 —CH 

I 

C0 2 C 2 Il6 


Hydrolysis and decarboxylation of the c/anoester lead to the formation 
of 1,2-cvclobutanedicarboxylic acid. Rydon’s synthesis of norcaryo- 
phyllenic acid 42 is based on this method. 

Thorpe’s Reaction. Nitriles having an active hydrogen atom may 
undergo dimerization in the presence of sodium cthoxidc. Thus, under 
these conditions cyanoicotic ester combines with itself in the following 
fashion: 


C 2 IIr0 2 CCII 2 + NCCH 2 C0 2 C 2 II s — C 2 IU0 2 CCII—CCII 2 C0 2 C 2 H 6 

I I II 

CN CX NH 

Applied t * appropriate dinitriles this method leads to the formation of 

"Case, x' d., 65. 2927 (1033); 66. 715 (1034). 

41 Fusou ..»d Kao. ibid.. 61. 1536 (1020). 

45 llydou. Chemistry 6c Industry, 64. 315 (1935). 
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cycloalkanone derivatives. Ethyl a,*-dicyanovalerate, for example, may 
be converted into a,a'-cyclopcntanonedicarboxylic acid. 


ch 2 ch 2 cn ch 2 ch/ 


CN 


i 


/ 


C-=NH 


H.CHCN CH,CH w _ Hi 


ch 2 chco 2 h 

I / c=0 

ch 2 chco 2 ii 


ch 2 ch 


ch 2 ch 2 


> c 


o 


l 

co 2 c 2 h 6 


This acid loses carbon dioxide to give cyclopcntanone 

This reaction has bee,, used by Ziegler Ebcrlc. and Oh nger - with 
brilliant success in the synthesis of very large nngs. B> the use o 
lithium amides it has been possible to obtain rings having more than 
thirty members. The remarkable feature of <'■■* d-seovc, > that 
affords yields of as high as 85 per cent of the thcore .cal amount. A 
present time this is by far the best procedure available for synthesising 

large carbon rings. ^ 

/CHjCN _/ 


(CH,).. 


/ 




UNU* v (CHz) 


CHiCN 


*\ > c= 
C1ICN 


NH 


It is essential that these reactions be carried out at high dilution; this 
co^dirion" it will be seen, favors the desired intramolecular condensation 

“ 10 SSUTtI. action o, ..turn, on 

the^te^fTdipic'and pimelic acids leads to the formation of five- and 
six-membered rings, respectively. 


r""* _ f CH C _ r > - r > 

cuiCUiCOiR Ucn< ciiiCiJt 


CH 


HjCHjCOtH CllaClli 

,CH.CH,CO,R /CHtCHCOtR 

CH,( >0 
JI.CH.CO.lt CIljCHa 


CHjCHCOtH 

>0 

IlfCU* 


cniCHi 


— cii 


<c 


CHiCHCOjH 


IlfCHi 


>c° - 


cn.cn, 
cii/ co 

' CH.CH/ 


/ 

N. . . 

Since the initial condensation product is a.-keton.cester ‘^“uncon¬ 
verted bv hydrolysis and loss of carbon d,ox.de, into the corresponding 
verted’Dy “ y to the cycloalkanone serves to establish 

cycloalkanone; this con verson to the c> ^ ^ ^ ^ 

the structure of the keto ester, ai o, » J nrn „. r or 

-— 

“ Ziegler, Eberle. and Ohlingcr. Ann «*. 04 
44 Chiurdoglu, Bull. tci. avid. ruy. Bclg.. H. »' 
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alkyl group is introduced by the use of the Grignard reagent; dehydra¬ 
tion and then hydrogenation complete the synthesis. 



The acetoacetic ester method does not give three-mem be red rings. 
Succinic ester reacts with sodium to give succinosuccinic ester—a diketo- 
cyclohexane derivative. 


yC0 2 R 

CH, CHjCOjR 

I + | 

ro 2 cch 2 ch 2 

RO,c/ 


/ co \ 

CH, CHCOtR 

I I 

ROjCCH CH, 

SuccinoMucrinic 

cater 


Similarly, malonic ester Ls converted to a triketocyclohcxane derivative; 
the structure of this product is established by the fact that the corre¬ 
sponding free acid loses carbon dioxide to give phloroglucinol. 



Phloroglucinol 


A very remarkable closure of a four-membered ring was effected by 
Perkin and Thorpe 14 by use of this method. 


C 2 II 6 0 2 C—c-CHC0 2 CjHs c 2 h 6 o 2 c—c—chco 2 c 2 h 5 

(CIIj),C<I ; ^!i> (CH,),C<| ! 

C,H,0,C CH CO,CjH, C,HjO,C—-C—CO 

This reaction has attracted much attention, not only because of the 
unusual structure of the product, but also because it is one of the few 
known cases in which the acetoacetic ester condensation takes place on 
a carbon atom which holds only one hydrogen atom. 

“ Perki, ‘ “ nd Thorpe. J. Ct.cn,. Soc.. 79. 730 (1901). 
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When sodium triphcnylmethyl is used as the catalyst in place of 
sodium ethoxide, this type of reaction occurs readily. An example is the 
formation of ethyl isobutyrylisobutyrate from ethyl isobutyrate. 

CHj CH, CH 3 

2<!:HCOiCjH, lC,H,l ‘ —> CHCOCCOjCjHs + C.IUOH 

I I < 

CHj CHj CHl 

The keto ester forms an enolate with sodium triphcnylmethyl which with 
isobutyryl chloride gives ethyl 2,2,4,4,0-pcntaniethyl-3 ^hketoheptano- 
ate The latter undergoes cyclization under the influence of sodium 
triphenylmethyl, yielding hexamcthylphloroglucinol.- ^ 

CH. CH, CH, CH.CH, X C(CH,), 

iHcoicoc.H, ^‘"^ egr ^Heoicoico.c.H. - J \ Q 

CH, CH, CH, CH.CH, X C(CH,), 

A useful extension of Dieckmann's method involves the condensation 
of oxalic ester with other osteis of dibasic acids. In the case of glutaric 
esters the product is 1 , 2 -cyclopcntanedione. 

COiR CHjCOjR CO-CHCO.R CO-CII^ 

+ - ! CH, 

CO.R CHjCOjR CO-CHCO.R CO-CH/ 

It was this special method which cabled Komppa to synthesize cam¬ 
phoric acid and thus to establish conclusively the structure of camphor. 
The steps in this celebrated synthesis are as follows: ^ 


(CH,),C + 


CO,R 

RO*C—CH—CO 

CH»I 

(CHa)tC - 

ROjC—C-CO 

1 

-> (CII ,),C 

1 

CO,R 

RO 2 C—CH—CO 

CH, 

1 

un.r—- 

RO 2 C—CH—CO 

CH 2 

reduction 

llu;'' 

1 

CH,—C—CH, 



1 

IlOaC—CH- 

CH, 


*• Hudson and Hauler. CA*m. 61. 3507 (1939,. 
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Another group of syntheses of this general type depends on the 
Michael condensation; it may be illustrated by the preparation of 
dime thy ldihydroresorcinol from mesityl oxide and malonic ester. 47 


:>=c 


HCOCHs + CH 


CH. / CHl \ 

>c co- 

CH,' I | 

CH CH 3 

RO*C' / Nx)*R 


CH. / CHl \ 

>C CO 

ch 3 / I | 

ROsC—CH CH 2 

^co/ 




/ CH % 


yc co 

ch 3 / 1 | 

CH* CH* 

\co/ 

DimclhyldihydrorcaorciQol 


Cyclodehydration. Condensations of the aldol type involving loss of 
water have been widely used in the synthesis of ring compounds. Thus, 
2 , 7 -octancdionc is converted by the action of sulfuric acid into a cyclo- 
pentene derivative. 48 

/CHtCOCH, ^C^COCH, 

CH, COCII3 CH, CCH, 

II - I I 

CHr-CH, CH,-CH, 

Similarly, 3 , 6 -octanedionc yields a cyclopp’-.'enone when treated with 
10 per cent potassium hydroxide solution. 4 ' 4 

CHjCHjCO CH,CH, CH,CII,C—CCH, 


/' 

CHjCH,/ 


CCH, 

^>CO 

CH, 


It is to be noted that in both these examples the course of the reaction 
is determined by the size of the ring formed; the formation of a five- 
membered ring is favored over that of a three- or a seven-membered ring. 
Similarly, Kipping and Perkin found that the six-membered ring forms 
in preference to the cight-membered ring, as shown by the fact that 
2,8-nonanedione gives exclusively a cyclohexene derivative. 

/ CH *\ /CH*^ 

CH* CH,COCH, CH, CCOCH, 

CH* COCII 3 CH* CCH 3 

X CH*/ XCH*/ 

47 Vorlander and Erig. Ann.. 294. 314 (1807). 

W Marshall and Perkin. J. Chcm. Soe.. 57. 241 (1890). 

49 Blaise, Com/*/, rend.. 158. 70S (1914). 
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Alkylidene derivatives resulting from the use of Knoevenagel s 
method arc capable of internal condensations leading to the formation 
of rings. The use of aldehydes and acetoacetic ester, for example, leads 
to the formation of cyclohexenone derivatives. 


CH,COCH,CO,R 

RCIIO 

CHjCOCHsCOjR 


CH,COCHCO,R 
(CiHn.NH ^ ''cHR 

/ 

CH3COCHC02R 


CH,C-CHCO.R 

\ 

CH CHR 

\ / 

CO—CHCOsR 


Another type of ring closure is represented by the , con J« n f t,‘°" ° { 
succinic dialdehydc, methylaminc, and malomc acid in the following 

manner: 10 CHj(COjH)j CH, CHCH,CO,H 

CH*(CO*H)* -> I >C(CO*H)* 

CH2CHO H2NCH3 CH*—CHNHCHj 

The Grignard Method (p. 495). Certain halogen compounds form 
Grignard regents which condense internally to give ring structures. 
Thus, 6 -iodo-ihexanone reacts with magnesium to give 1 -methylcyclo- 
pentanol. A Grignard reagent is formulated as an intermediate. 


CH 3 CO 

CH* CH*I 

I I 

CH*—CH* 


CH 3 CO 

CH, CH,MgI 

+ Mg — I I, 

CH*—CH* 


CH3-C-OH 

/\ 

CH* CH* 

I I 

CH*—CH* 


Similarly, pentamethylene bromide when treated with magnesium and 
then with carbon dioxide gives, in addition to pimehc acid, a small yield 

of cyclohexanone . 62 

/CH*Br 


/ 


CH* 

CH, CH,Br 

Njh/^ 


+ 2Mg 


/ C, K 

CH* COsMgBr 

CH* CHtMgBr 

^H*/ 


^CH-NIgBr 

CH* 

CII* CII*MgBr 

N:h*/ 

/ CUt \ 

CH* CO 

I I 

CII* CH* 

^CH*/ 


“Mannich and Budde. Areh. ™ a ™-*™' 283 (,932) ' 
“ Zelinsky and Moser. Dvr.. 35. ->084 
” Grignard and Vignon. Com,A. rmd.. 144. 1358 (1900. 
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Pyrolysis of Pyrazolines. Pyrazolines are unstable toward heat and 
decompose to give cyclopropane derivatives. 

R 

I 

/CH—NH 

chZ | 

N>=n 

I 

R 

a,/3-Unsaturated ketones and aldehydes yield pyrazolines when treated 
with hydrazine and can be converted by this method into the correspond¬ 
ing cyclopropane derivatives. Thus, cinnamic aldehyde gives phenylcy- 
clopropane, and mesityl oxide yields 1,1,2-trimethylcyclopropane. 


/CHR 

CH< | + N 2 

X CHR 


n,h. 


< NH—N .CH, 

|| — CJ4 6 CH< | 

2H,—CH XJH, 

Phcnylcyclopropano 


CH 3 

\ 

/ 

CH 3 


CH 3 NH—N 


CH 3 CH, 


V=CHCOCH, n.m^ \>c<^ I - \,cx(| 

CH, CH,—CCH, CH, CHCH, 

1. 1 , 2 -Trimct liylcyclopr opao© 


A classical example of this type of reaction is Kishner s conversion of 
pulegonc into caranc. M 


CII, 

1 

/ CH \ 

CH, 

1 

/ CH \ 

CH, CH, 

1 1 

n } ii, CH* CII 2 

- > 1 I — 

CH, CO 

CH, C\v 

\c/ 

X CIK N 

II 

1 | 

/ c \ 


CII 3 CH* 

I'ulcgoitu 

CHj CH* 


CII 3 

I 

/ CH \ 

CII 2 CH* 

I I 

CII 2 CH 

\ch/-\c(CH 3 ) 2 

('araiitf 


Alkyl pyrazohnecarboxylatcs are readily made by the action of di- 
azomethane on unsatnraled esters such as those of maleic, fumaric, and 
crotomc acids. It ,s interesting to note that maleic and fumaric esters 

“ Ki! * h,IOr M,,d ^vmlovsky. J. Ii„". Phus. Plum. S,*.. 43. 1132 (1911). 



95 


ALICYCLIC COMPOUNDS 

give the same pyrazoline; from these esters alkyl 1,2-cyclopropanedi 
carboxylates arc made. 

C 0 2 R 


co 2 r 

I 

CH 


-\ OWN* 


CH 

I 

CO?R 



CHC 0 2 R 

I / CHi 

CHCOsR 


I 

CO.R 


Thermal decomposition of the simple pyrazoline derivatives usually 
aves alkyl alkenecarboxylatcs as the main product; the more complex 
esters generally afford a preponderance of alkyl cyclopropanecarbox- 
ylates. Mixtures of the two types of products are often formed, the 
following illustrates this behavior: M 
CH 3 CH x 

Cji CH 'll CH. CHjCH;C=CCO:CH. 

CH *? H - / and II 

CH,C-N CH.CH-C-CO.CH, CH. CII. 

CO.CH, 

Diazoacctic ester has been used in a similar fashion. For example, 
homocaronic acid was prepared by the action of the diazo ester on ethyl 

4 -methyl- 3 -pentenoate.“ 

CH. CHCO.H 

CH, 

C—CHCH.CO.C.H. + N.CllCO.C.Hi - ^C^ 

/ CH, CHCH.CO.H 

Ethyl diamacctatc Homocaronic acid 

A by-product in this reaction is 1,2.3,4-cyclobutanetetracarboxylic acid, 
obviously derived from four molecules of the d.azo ester. 1 he analogous 
1 ,2,3-cyclopropanetricarboxylic acid results when male.c ester is used. 

HO.CCII—CHCO.H HO ,CCH<'f I1C °* H 

HO.CCH—CHCO.H , CHCO.H 

1.2.3.4-Cyclo»«.tanctctra- \*iw£iytc°SSd" 

carboxylic acid 

As a side light on the influence of substituents on stability it may be 
pointed out that carboxyl groups, when situated on different carbon 

M v. Auwcra and Konig. Ann.. 496. 252 U932). 

“Owen and Simonaen. J. them. Soe.. l-2o (1933). 
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atoms of these small rings, greatyl enhance the stability. The conversion 
of ethylenic compounds into cyclopropane derivatives by the diazoacetic 
ester method is very general. Buchner has shown that even aromatic 
rings are attacked. Benzene is transformed in the following fashion: 


,CH 


CH 

I 

CH 

% 


\ 


CH 


CH 
Ch/ 


+ N-CHCOjR 


^ CH \ 

CH CH\ 

| I XJHCOaR 
CH CH^ 

N:h/ 


Oxidation converts the above product into 1,2,3-cyclopropanetricar- 
boxylic acid. 


METHODS OF RING EXPANSION AND CONTRACTION 


Many reactions of alicyclic compounds produce a change in the size 
of the ring. These arc of particular interest from the standpoint of the 
strain theory, which carries the implication that such transformations 
have as their driving force a diminution of ring tension. In support 
of this may be cited numerous examples of expansion of the smaller 
(strained) rings and of contraction of large rings, and it was believed 
that these constitute strong evidence for the soundness of Baeyer’s origi¬ 
nal theory. However, a more careful study of such changes has shown 
that they cannot be correlated in any simple way with the strain which 
the rings arc supposed to possess. Som> examples will serve to indicate 
the difficulties involved. 

The Demjanow Rearrangement. The action of nitrous acid on cyclo- 
alkylmethylamines is a general method for ring expansion. Cyclobutyl- 
methylaminc will illustrate tho behavior of this class of amines. In 
general, four products are obtained; in this instance they are cyclopen- 
tanol, cyclopentcnc, cyclobutylcarbinol, and methylenecyclobutane. 


CH*— CHCH 2 NH ? 

I I 

CH*—CH 2 


UNO, 
-> 


CPI 2 —ciicii 2 oii 

I I 

CH*—CH* 

Cyclobutvl- 

carbinol 


CH 2 —Clljv 

>CIIOH 
CH*— CII*/ 
Cyclopcnlauul 


CII*—C=CH* 

I I 

CII*—CII 2 

Mcthylcnecyolo- 

butnuo 


CH*—CII^ 

I >CH 

CII 2 —CHf 

Cyclopcntcno 


The three-, five-, six-, and eight-membered rings have also been trans¬ 
formed in this way. Obviously, ring strain is not the primary cause of 
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this change, for it proceeds with especial readiness in the case of cyclo- 
hexylmethylamine (60 per cent yield). Also, Ruzicka has shown that 
the rearrangement from the cyclooctyl to the cyclononyl ring gives a 
20 per cent yield of cyclononanol; here the rearrangement can hardly be 

ascribed to strain alone. ... 

Equally difficult to correlate with the strain theory is the ring con¬ 
traction which cyclobutylnmines undergo when treated with nitrous acid. 
In addition to the normal cyclobutanol some cyclopropylcarbinol results. 

CH» CHNHi „ NO , t CH^-CHOH ^ CH, CHiOH 

CHj—CHj CHj CHj CH r CH 

The cyclobutylamines derived from truxinic and truxillic acids undergo 

a similar change. 6 * 


HOaCCH—CHCftHs 
CeHsCH-CHNHi 


HOaCCH 


HOaCCH—CHNHi C«H*CH CU(OH)C«H» 

CftH&CH—CHC«H» 

The Pinacol-Pinacolone Rearrangement (p. 971). The rearrange- 
ment of cyclic pinacols has been shown by Meerwe.n to obey the general 
rules known to hold for acyclic pinacols. Attention is d.rcctcd to the fol- 
lowing examples: ^ 


OH 
CHaCHa\l 

ch,ch/ 


Oil 


HjCH,/ 


<kT 

N CH» 


OH 

cC‘ 

X CH a 


CIIaCHa 

ch/ )>co 

CH,C(CH 3 ), 


< IIjCHt\ / Cfh 

>C-C0CH, 

IIaCHa X 

and 

CHaCHaCOv 
, | >C(CH3)a 

l CIIaCHaCH^ 


The fact that expansion of the cyclohexane ring is less complete han 
that of the cyclopentane ring in these cases may be an indication that a 
resistance is encountered in the former which is notpresent in the latter. 
This accords with the strain theory in its original form. 

«SWcr. Scbcnck. and Pa^au. Her.. SOB. 2600 (1927,. 
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A number of transformations have been observed which appear to be 
closely related to the pinacol-pinacolone rearrangement. Many of these 
involve a change of a six- to a five-membered ring, and so serve to com¬ 
plicate the problem of correlating such changes with ring size. Treat¬ 
ment with silver nitrate converts l-methyl-2-iodocyclohexanol into 
cyclopentyl methyl ketone. However, the primar}' product is 2-methyl- 
cyclohexanone. 57 

^CHaCHI^/OH CHjCH^^ 

CH, C -* | CHCOCHj and CH, CO 

CH.CH,/ N:h,ch^ch, 


Cyclopentyl methyl 

ketone 

(10 per cent) 


2-Mcthylcyclohcxn- 

non« 

(90 per cent) 


Similarly, cyclohexene oxide, when treated with magnesium bromide in 
ether solution, is converted into cyclopentanealdehyde. 


/° H *\ 


CH 




C1I S 




CH*v 

yCHCHO 

CHj-CH,/ 


CH 

I 

CII* CH 

" Cyclopcntnnealdehydo 

However, under the same conditions cyclopentcnc oxide does not yield 
a cyclobutane derivative, but rearranges to cyclopentanone.” 

The Wagner Rearrangement (p. 1019). The dehydration of cyclic 

°\ | 

alcohols containing the C-C-C(OIl) grouping may produce either ex- 

<y 1 

pansion or contraction of the ring, as shown by the following examples 

(Meerwetn): 

< HjCIIiCHOH 

I 

IIiCH-C(CH 3 )j 


1 

< CI1.CH.CCH, 

II 

CHiCH-CCII, 


/CH,CH^ 

CH,/ >C-CH 

XHI.CHf 

_ r 



Kc/ Cl 

'Vl 


67 TifTenoau. Cnmpt. rend.. 195. 12S4 (1932). 

“ Cleino ami Orn.ston. J. Chcm. Soc.. 362 (1933). 
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Wallach’s Degradation Method. Cyclohexanones can be converted 
to the corresponding cyclopentanones by the method of Wallach, which 
involves the treatment of the dibromocyclohexanone with alkali, lhe 
1 -hydroxycyclopentanecarboxylic acid is always an intermediate. 


/CHjCHiv 
CH< >CO 


dibromo 
derivative 

CHsCHrv 

/CO 

CHsCH/ 


CHtCHtv /COiH 


I 

CH-CH. 



/ 


II 


Favorski reported a similar result with a-chlorocyclohexa nones, which are 
converted by alkali into cyclopentanecarboxylic acids. 

^CHjCHCI < f Hl - CH ">CHCO ! H 


CH 




HjCH? 00 


CHi—CHj' 


The Diazomethane Method. Diazomethane is capable of reacting 
with aldehydes and ketones in such a manner as to produce the higher 
homologs. Mosettig and Burger” applied this method to eye oalka- 
nones and found that cyclohexanone gave a mixture of cycloheptanoim 
and cyclooctanonc of which the former was the principal product F om 
cyclopentanone the chief product was cycloheptanonc. More recently 
the method has been adapted to large-scale operation by introducing 
nitrosomethylurethan at a suitable rate into a solution of a cyclic ketone 
in an alcohol which contains some alkaline catalyst. The chief reactions 
in the ease of cyclohexanone may lie represented by the Rowing equa¬ 
tions. although the actual intermediate is not necessarily d,azomethane. 

CiH(,OCON(NO)CHj + ROII — CiH.OCOjR + CHtNi + H,0 


.CHaCHjv^ 
CH, CO 

N:h,ch / 


CH,N: 


CHiCIIiCHk 
| >CO + N, 

cii 2 ch 2 ch/ 

/ 

XH,CH : ^ 

Cl I, C-CH, + N, 

N:h,ch/ 


The ratio of ketone to oxide is in general about four to one. 

.... . ... . ch.-m Sue.. 62, 3450 (1930); sec also Robinson anti 

Smith. rSl“&e, 371 *(1937). and Ciraitis and Bullock. J. Am. Chem. Sue.. 69. 951 

<10 »Mocrwcm, CAem. Z'ntr.. 104. II. 1758 (1933) (German pat. 579.309). 
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With this method the yield of ketone falls from 63 per cent in the 
preparation of cycloheptanone to 45 per cent for the octanone and to 
about 20 per cent for the nonanone and decanone. 61 In this range the 
diazomethane method seems to be superior to all others for the synthesis 
of cyclic ketones. 

It has been reported that the yields increase with higher members so 
that in the range of the cyclopentadecanone the method is again to be 
preferred. 

The reaction does not, of course, stop when one methylene group has 
been introduced and therefore yields a mixture of ketones. This is 
illustrated by the action of diazomethane on ketone (cycloethanone). 

In an attempt to use this method in the preparation of cyclopropar- 
none by treating ketene (cycloethanone) with diazomethane it was found 
that the chief product was cyclobutanone; presumably the cyclopropar 
none is an intermediate. 62,63 By using an excess of ketene with diazo¬ 
methane it was possible to isolate the hydrate and some hemiacetals of 
cyclopropanone. 

In addition to the foregoing examples of ring expansion and contrac¬ 
tion may be mentioned the conversion of the cyclopropyl- and cyclo- 
butylcarbinols to cyclobutyl and cyclopentyl bromide, respectively, by 
the action of hydrogen bromide; the rearrangement of cyclopentyl 
nitrite to 1-methylnitrocyclobutanc under the influence of alkali; the 
formation of methylcyclopcntane by the reduction of benzene with hy¬ 
drogen iodide at 300°; the transformation of carbazole into 3,3'-di- 
methyldicyclopcntyl by the action of hydrogen iodide; 64 the reversible 
formation of methylcj’clopcntanc from cycU>L*exanc in the presence of 
moist aluminum chloride; and the transformation of pinene into bornyl 
chloride under the influence of hydrogen chloride. 

As has been stated, the foregoing transformations lend themselves to 
no simple explanation such as that offered by Baeyer. Indeed, most of 
them find their counterpart in the reactions of open-chain compounds 
in which strain in the Baeyer sense cannot be involved. It appears at 
present that the small rings arc indeed strained; but it is equally evident 
that strain is not always the controlling factor and that frequently it is 
entirely obscured by other influences. 

*’ Kohler. Tishler, Potter, and Thompson. J. Am. Ckem. Soc., 61, 1057 (1939). 

I.ipp, Buchkrerner. and Secies. Ann.. 499. 1 (1932). 

tJ Lipp and Kostor. Her., 64B, 2823 (1931). 

64 Schmidt and Sigwart. Bcr.. 45. 1779 (1912). 
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METHODS OF OPENING RINGS 

Alicyclic rings in general exhibit a stability toward heat and reagents 
which is comparable to that of the corresponding open-chain compound. 
Only in cyclopropane and its derivatives, and to a far less degree, c> c 
butane and its derivatives, is there any marked instability E\ cn so, the 
stability of related compounds is exceedingly variable. Consequent 1>, 

or a proper appreciation of the chemical behavior of the three- and four- 

member^ ring systems it Is necessary to examine their properties in 
““cieavaje of the Cyclopropane Ring. The close resemblance in chern- 

JSEErrf cyclopropane and It. derie.tiv,. to the 

ily reduced to P P solution- under the same conditions 

colloidal palladium in acetic ^id sohiUon^u - odide adds 

ethylene is reduced s °mewhat j Un der these conditions 

readily to cyclopropane to give n propj io 
propylene gives principally isopropyl iodide. 

CHj—CHj + HI — CHjCHiCHjI 
CH.CH-CH, + HI — CH.CHICH, 

bromide. CH ^ C „, + B r, - CH 5 BrCH,Br 

ch* 


CH, 


CH^H-CHs + Br, - CftCHBrCH.Br 

i nn(in p in these reactions is almost as unsaturated as 

““ - “« “ M - - 

“Tte‘«-nSch .he ring ope™, he. the ere* with whieh eddi- 

iv affected by the nature and position of sub- 
tion takes place - the stability of the ring. Car- 

boxyT'groups, on the other hand, seem to stabilize the ring, and this 
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effect, as has already been noted (p. 95), is the more marked if these 
groups are on different carbon atoms. 

Although the influence of substituents on the ease of addition cannot 
as yet be interpreted in any helpful way, the effect of substituents on the 
mode of addition is predictable on the basis of the rule of Markownikoff 
(p. 638). The problem has been carefully examined by Kohler and 
Conant, 65 who state that substituents have exactly the same influence 
upon the mode of addition to a cyclopropane ring as to an ethylenic 
linkage, even though the resulting saturated derivatives in the two in¬ 
stances differ radically in structure. For example, the manner in which 
hydrogen bromide adds to cyclopropane hydrocarbons is governed by 
the number and disposition of the alkyl groups. The ring invariably 
opens between the carbon atoms that hold the largest and the smallest 
number of alkyl groups, and the principal product is always one in which 
the halogen is combined with the carbon atom that holds the largest 
number of alkyl groups. 

The addition of hydrogen bromide to cyclopropane acids leads to 
the formation of 7 -bromo acids or the corresponding lactones. The 
ketones behave in a similar manner. Cyclopropanecarboxylic acid and 
benzoylcyclopropane are examples of this sort; with hydrogen bromide 
they react as follows: 


CHj—CIICOaH + HBr — CHiBr CHsCOtH 

\/ \/ 

CHj CII2 

CH« CIICOCgH* + HBr - CH,Br CH 2 COCeH 6 

\/ \/ 

CH. CH* 

Similarly, ethyl 1,1-cyclopropancdicarboxylato undergoes the Michael 
reaction with ethyl malonate to give ethyl 1,1,4,4-butanetetracar- 
boxylate. 66 


CII*— C—CO*C s H» 

\/\ 

CH* CO 2 C 2 H 5 


+ CH 2 (CO*C*H*) 2 


NmOCjH, 
-> 


CH 2 CII(C0 2 C 2 H s ) 2 

I 

CHsCH(CO«CsH|)s 


l hese facts justify the conclusion that there is no fundamental difference 
between corresponding derivatives of ethylene and cyclopropane, and 

that the structure —C—C—C=0 behaves like a conjugated system. 

C 


41 Kohler ami Conant. J. Am. Chcm. Soe.. 39. 1404 (1917). 
46 Bone and Perkin. J. Chcm. Sac.. 67. 10S (1895). 
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Cleavage of the Cyclobutane Ring. Cyclobutane is transformed into 
butane by catalytic hydrogenation at 120°, thus requiring somewhat 
more drastic treatment than cyclopropane which passes into propane 
under these conditions at 80°. On the other hand, cyclopentane is 
opened by catalytic hydrogenation only at 300°" From the standpoint 
of the tendency to absorb hydrogen in the presence of a catalyst the 
simple cycloalkanes fall in the order ethylene > cyclopropane > cyclo- 
butane > cyclopentane; this is, of course, in complete harmony with 
the requirements of strain theory. 

The type of rupture of this ring which is most frequently observed is 
a dissociation into two molecules of olefinic character. This was noted 
with respect to truxinic and truxillic acids which dissociate under the 
influence of heat to give cinnamic acid (p. 75). 

When 1, 2 -dibromocyclobutanc is heated with potassium hydroxide, 

acetylene is produced. 

CH-CHBr KOII HC-CH 
CHjCHllr IlC^CH 


THE CYCLOALKANES 

Saturated alicyclic hydrocarbons have usually been made by reduc¬ 
tion of the corresponding ketones and diketones. Special methods how¬ 
ever, have been necessary in some instances, such as that for cyclopro¬ 
pane, which has already been discussed * Cyclobutane made by 
hydrogenation of cyclobutene in the presence of nickel at 100 . This 
process must be carefully controlled since at higher temperatures butane 
is formed. Cyclopentane, cyclohexane, and cycloheptane are found in 
petroleum. An interesting synthesis of cydodccanc has been worked out 
which involves the ozonization of octahydronaphthalenc and reduction 
of the resulting diketonc. M 


/CH^ yC H, 

ch. 




c 


CH* 

CH^ ^CII, 


.CH,COCH^ 

CH, CH, 

| I 

CH, CH, 

'N'lI-COCIl/ 


/ CHt \ 
(CH,) 4 (CH,), 

Vh/ 


The following table gives the boiling points, melting points, and heats 

"Zolinnky, Kuzamiky. an<l Plate. D>r.. 66B. 1415 (1933». 

• Cyclopropane l.ua a.tracted much attention teem, of ,t* value -» a general une>«h,l,o 
« IlUtkcl. Gcrcke. and Gros*. tUr., 66B. 503 (1933>. 
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of combustion of a representative group of cycloalkanes. The last column 
gives for comparison the boiling points of the corresponding paraffins. 


CYCLOALKANES 


Name 

Heat of 
Combustion 
per CHj 
(Cal.) 

Melting 

Point 

Boiling Point 

Cycloalkanes 

Paraffins 

Ethylene (cycloethane).... 

170 

*••••• 

-103.9° 


Cyclopropane. 

168 5 


-35 


Cyclobutane. 

165.5 


+ 12 


Cyclopcntanc. 

159 


49 


Cyclohexane. 

158 

+7° 

81 


Cycloheptane. 

158 

-12 

117 


Cyclooctanc. 


+ 11.5 

148 

1 w' 

Cyclodccane (CioHjn)- • • • 

158 6 

9.6 

201 

173 

Cyclododecane (Ci-Hn).. 


61 


. 

Cyclotetradccanc (CuHtO 


53 


• ••••• 

Cyclopcntadccane (CisHao 

157 

37 


• ••••• 

Cyclohcxadccanc (CieH**) 


57 


• ••••• 

Cyclohcptadccane (CpHu 

157 

63 


• ••••• 

Cyclodocosanc (C^H«).. 

. 

46 


• ••••• 

Cvclotctracosanc (C 71 II 1 O 


47 


• * 1 • • 9 

Cyclohcxacosanc (C^Hs?) 


42 

• ••••• 

• ••••• 

CycloOctacosanc (C^H^). 


48 


1 • • • • • 

Cyclotriacontanc (C 30 HC 0 ) 

156 

56 

i 

• ••••• 


It is clear that the values given for the energy content of the cyclo- 
paraffins fully support the modem interpretation of the strain theory, 
which holds that all the rings of more than four members are practically 
without strain. They furnish no evidence of strain in cyclohexane and 
cycloheptanc which, according to Baeyer, should possess negative strain. 
Moreover, the heats of combustion of large rings, varying in size from 
eight to thirty members, are now known, and, although the accuracy of 
the measurements leaves much to be desired, it is evident that the values 
of the heat of combustion of a CH 2 group in these rings agree throughout 
with the corresponding values for the aliphatic compounds and the 
homologous cyclopcntanes and cyclohexanes.® 9 

The parachors as well as the compressibilities of the cycloalkanes 
have been measured, and it has been shown that these properties, like 
stability, molecular refractivity, molecular volume, specific gravity, 

** Ruzicka and Schlapfcr. Hch. Chim. Acta. 16. 102 (1933). 
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melting point, and x-ray structure (p. 1762)-abnormal for the lower 
members—become “normal” for the compounds with the larger ring*.' 

THE CYCLOALKANONES 

Cyclopropanone is known only in the form of its hydrate and alcohol- 
ates.« Efforts to synthesize this ketone have already been noted 
(p. 100). Also, treatment of dihromoacctone with sodium amalgam gives 
1 , 4 -cyclohexanedione instead of cyclopropanone. 


^/CHjBr 

2 CO 

N:H 2 Br 


Na(Hgl 


✓CH*—CH 2n ^ 
CO CO 

^CHt—CHj/ 


By the action of ethyl diazoacetate on ketcnc, s taudinger prepared a 

compound which appears to be the end form of a derivative of c>clo- 
propanonc. 

CH**=C*=0 + N,CHCO*C,H* -* CHt 

l>-° H 

i 

CO.C.H, 

Cyclobutanonc has been made by the oxidation of cyclobutanol and 

also by treating 1 -broinocyclobutnnccnrboxamidc with bromine in potM- 

sium hydroxide. Its synthesis from ketcne by the action of d.azometl.am 

has already been mentioned (p. 100). 

The higher cycloalkanones have usually been prepared by duvet cycli- 

zation by reactions which were discussed under methods of 

Cyclopentadccanonc is of especial interest on account of its musk 
like odor; it is sold as a perfume under the name cxaltone. It is similar 
in structure to the odoriferous principles of naturally occumng cmd and 
musk. The former contains civetone and the latter muscone. Huz.cka s 


CH—(CH*)t\ 

II >*> 

CH— (CH,)/ 

Civctooo 


(CIIi)is—CO 

I I 

CH,—CH-CH, 

M uicone 


establishment of the structures of these two naturally occurring alicyclic 
compounds is one of the most significant achievements in this held, 

» Ruzicka, Bockcnoogen. and Edolmann. ibid.. 16. 487 (1938)- 
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CYCLOALKANONES 


Name 


Cyclobutanonc. 


Cyclopcntanonc. . . . 
Cyclohexanone.... 
Cycloheptanone ... 

Cyclooctanone. 

Cyelononanonc. 


Formula 


CH*—CO 

Ah,—Ah, 
ch 2 ch^ 
Uch>° 

cH<" HiCH >o 

'CUtCHS 


Melting 

Point 


<> 

<> 


(CII:) 


CHj—(CH :)k 
itl:—(CH:)i> CO 


Boiling Point 


98.5-99° 

130-130.5 

155.4 

179-181 

74 (12 mm.) 

93-95 (12 mm.) 


Cyclodecnnone. 

/(CHj)k 

CI1.< >CO 

NCII.)./ 

29 

100 (12 mm.) 

Cyclododecnnonc.... 

/(CH:) 

C1I< >CO 

\(CI1:)./ 

59 

125 (12 mm.) 

Cyclotctradccanone... 

/(CH,)« X 

Cllr^ /CO 

^(CH,)./ 

53 

155 (12 mm.) 

Cyclopcntadecanone 

CHj—(CII*)«v 

I >CO 

CH:—(CH:)*' 

63 

120 (0.3 mm.) 

Cyclohox: *anonc 

/(CH *)tv 

CH;< >CO 

X (CH,)^ 

64 

138 (0.3 mm.) 

Cyc* .tone.. 

ch,<' <CH:) '\co 

NCHs)t y 

59 

170-171 (0.3 mm.) 

Cycloo cof-aiionc 

cn< (C,Il) >o 

X (CH s )f/ 

32 


Cycloorl arosaiu*ne 

/(dl:). N 

CII.< >CO 

X (Cll l ),/ 

54 

. 
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for it dispelled the fallacy that large rings were incapable of existence, 
and opened up an entirely new field of investigation. This work con¬ 
stitutes a remarkable instance of the great theoretical and practical devel¬ 
opments which frequently grow out of the study of natural products. 

The chemical properties of the cycloalkanones are, in general, similar 
to those of open-chain ketones. The lower members of the cyclic series, 
however, are much more reactive toward typical ketone reagents than 
are the corresponding members of the open-chain group. Thus, whereas, 
in general, only methyl ketones will form bisulfite addition compounds, 
this reaction is observed for all the cycloalkanones up to and including 
cyclobctanone. Cyclobctanone can be separated from cyciononanone by 
making use of this difference. It must be supposed that in the smaller 
rings, the ring form leaves the carbonyl group more exposed to the attack 
of reagents than in the open-chain forms or the very large rings. 

A reaction which is of great interest is the oxidation of cycloalkanones 
to the corresponding lactones by the use of ( aro s acid. 

CHjv /CH.-C—O 

(CH,) '<ch1> C “° "* (CH,) "<chJ> 


The reaction was discovered by Baeycr and % .1 hger.” and has proved 
to be very general. In this way, the lactones m wh.cl. n - 10, 1, 12, IS, 
and 14 have been obtained in yields of about 50 per cent of the theoret.eal 

amount.” , . , . 

The table on page 10G gives the boiling points and meltmg points 

of a number of the cycloalkanones. 


THE CYCLOALKANOLS AND CYCLOALKANEDIOLS 

Cyclopropanol is not known; efforts to prepare it invariably lead to 
the formation of the isomeric open-chain compound, al yl alcohol 
Thus, this alcohol is produced when nitrous acid is allowed to react with 
cyclopropylaminc. 


^VhNH, —> CHi=CHCHiOH 

CH/ 

It should be pointed out that this is a Demjanow rearrangement in which 
a two-membered ring Is derived from a three-,nembered ring. Cycle- 
butanol, the synthesis of which has already been mentioned (p. 97), .s, 


11 Baeycr and Villigcr. Dcr.. 32. 3025 (1899); 33. 8G2 (1900,. 
" Kuzicka and SloU. I/rlv. Chim. Ada. 11. 

Tl Hurd and Pilgrim. J. Am. Chcm. Soc.. 65. 1195 (1.33). 
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however, a relatively stable substance and resembles n-butyl alcohol 
very closely in its chemical and physical properties. 

Cyclohexanol is the only cycloalkanol which is available in commer¬ 
cial quantities. It is made by catalytic hydrogenation of phenol in the 
presence of nickel at about 170°. It gives the usual reactions of second¬ 
ary alcohols. Gentle oxidation converts it into cyclohexanone, and 

vigorous treatment gives adipic acid. 

The 1 , 2 -Cycloalkanediols. The 1 , 2 -cycloaikanediols are of especial 
interest because of their behavior toward boric acid and acetone. Boese- 
ken 74 has found that certain polyols, when introduced into a solution of 
boric acid, enhance its conductivity. This effect is ascribed to the forma¬ 
tion of addition complexes. These complexes are formulated as boro- 
spiranic acids, of which the anions are borospirans of the following type: 



Apparently such complexes form only when the polyol molecule holds 
two hydroxyl groups which are close together. This criterion of the prox¬ 
imity of hydroxyl groups in glycols has given rise to numerous experi¬ 
ments, the results of which seem to support the theory that the cyclo¬ 
hexane ring is less rigid than those of the lower cycloalkanes. Ethylene 
glycol does not increase the conductivity of boric acid solutions, appar¬ 
ently because the mutual repulsion of the hydroxyl groups causes the 
molecule to rotate so as to allow these groups to take up positions which 
arc far apart. A similar result is obtained with frans-l, 2 -cyclopentnncdioi 
in which the hydroxyl groups, owing to the absence of free rotation 
about the line joining the carbon atoms holding them, cannot come close 
together (see Fig. 56). Confirmation of this view is seen in the fact that 
ci's- 1,2-cyclopentanediol (Fig. 5a) greatly increases the conductivity. 
Here the hydroxyl groups arc close together and, on account of the rigid¬ 
ity of the ring, cannot move. Similar results have been obtained with 
substituted cyclopentane-l,2-diolsand the hydrindene-l,2-diols (l'ig. 5c). 
(See p. 444 for a general discussion of cis-trans isomerism.) 



74 Boosckcn. Inst, intern, chim. Sol toy. Const, it chim. 4th Conscil, Brussels (1931) 
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The behavior of the cis- and (raw-l, 2 -cyclohexanediols furnishes 
striking evidence for the theory that these rings are non-planar for n«. 
ther of these glycols increases the conductivity. This would, of course, 
be the expected result for the trans form even if the ring were planar, 
but the fart that the as glycol does not increase the eondaetmty shows 
that the hydroxyl groups here are able to move apart on.ng to the 
flexibility of the ring. Only the non-planar ring possesses such flexibi htj. 
The formation of five-membercd rings of a somewhat similar nature 

W» p”.lw by Criegee, W., W to “ 

obtained in the oxidative cleavage of 1 , 2 -glycols with lead tctnuiec ate. 
Thcv assume the intermediate formation of a heterocyclic ring eonta.n- 
ingTeaT To the formation of this ring are attributed two experimen¬ 
tally observed facts: first, that the reaction 

much greater than that for a (raw-glycol; and. ^at the rat.o f 

.»- 

following equation: 7A 

- t>C + - 




yC -OH 


H. 


)C 


The tendency of this reaction to go 

imity of the hydroxyl groups. A Id be pquilibrium lies far 

m-l,2-cyclopentanediol and the cs-.ndanedioi n i 

to the right. On the which 

1 , ^p lyColS °/ t th p( . C i wi'ih boric acid. The Irons forms give no deriva- 

resemble those obtained with bor e ^ cquilibrium l ics far to the 

tives with acetone, and in the cis 1 cvclohexanc 

left. These results would appear to demonstrate tliat he cclohexanc 

of the 1 , 2 -cycloheptaned.ols is 80 ^ ^ d§ an(1 lrans mod ifi- 

relativc flexibilities of the rings ^ Moreover, both forms 

cations readily form •«*J l Vj* cid Ulc c fTect of the m form being 

increase the conductivity of bone a ^ ^ ^ us yct 

about three times as great as tha ^ q grea)er flexibility than 

” lh “ B,y “" h ™ 


74 Cricgeo, Kraft, and Rank. Ann., 507. 159 (1933). 
74 Maan. Rcc. trav. chim.. 48. 332 (19-J). 
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less effect than the corresponding cyclohexanediols. No completely 
satisfactory explanation of these results has been offered. 


ALICYCLIC ACIDS 

The monocarboxylic acids of this series present few problems which 
have not already been encountered in the open-chain series. The intro¬ 
duction of a second carboxyl group, however, gives rise to geometrical 
isomerism if the two groups are on different carbon atoms. Thus, 1,2- 
cyclobutanedicarboxylic acid exists in cis and trans modifications. This 
type of acid is of great interest because of the relation between ring 
structure and the tendency toward anhydride formation. 

It is a well-established fact that 1,2-dicarboxylic acids, such as maleic 
and phthalic acids in which the carboxyl groups are near together, will 
form monomeric anhydrides, whereas similar acids in which the groups 
are far apart, as in fumaric and dimethylfumaric acids, do not form such 
anhydrides, at least not without first undergoing rearrangement. In the 
cyclobutanc and cyclopcntanc scries, the cis-l ,2-dicarboxylie acids form 
monomeric anhydrides, whereas the corresponding trans forms fail to 
do so. From these results with open-chain dibasic acids, it seems clear 
that the formation of cyclic anhydrides is conditioned by the possibility 
of the carboxyl groups coming into close proximity to each other. 

On the basis of this criterion, it is very significant that in the cyclo¬ 
hexane series both the cis and the /ran$-l,2-dicarboxylic acids form cyclic 
anhydrides. Examination of the models shows that only the strainless 
or non-planar forms possess sufficient flexibility to permit the carboxyl 
groups of /rans-hcxahydrophthulic acid to approach each other. Both 
the cis and trans modifications of hexahydroisophthalic acid form mono¬ 
meric anhydrides with extreme ease. Hexahydrohomophthalic acid is 
especially interesting because the anhydride of the transform is more stable 
than that of the cis modification. When either of the anhydrides is heated 
at 220° an equilibrium mixture is formed of which 75 per cent is the trans 
anhydride and 25 per cent the cis anhydride. 30 


/CII^ /CH 2X 
CII 2 C.H 

I I 

CH 2 C H 

X 'Co/ 

(ri») 

25 per cent 



CII^ 

C—H CO 


CHj 


C H 


O 




(trmtM) 

75 per cent 


The correctness of the foregoing explanation of the formation of the 
monomeric anhydrides of trans modifications of acids of this type has 
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been confirmed by the synthesis of the endoethylene derivative of hexa- 
hydrophthalic acid, the trans form of which, though strainless, no longer 
possesses flexibility and, in consequence, cannot form a monomenc 
anhydride. 



CH 2 

I 

CH* 


ch 2 chco 2 h 

I ! 

CH, CHCO*H 



CH 


Many endocyclic bridges of this general type are known which, on the 
Baeyer theory, would involve strain but which can be represented as 
strainless if the non-planar cyclohexane ring* assume* Among thosi 
are the lactones of ri S -4-methyl-4-hydroxyhexahydrobenzoic acid (I), 

CH«—CH» CH * CHs 


CH—C—0 


ch 2 



CH-C-0-C—CHj 

II 

, o 

CH,—CH* 

i 

and of 3 -hydroxyhexahydrol>enzoic acid (II) and several 

Examples of this typo have been greatly mulhj.hed in rccent years by 
use of the "diene” synthesis of Diels and Aide i (P- • 

existence of compounds of the foregoing types seems d.fficul to• neonede 
with Bacycr's original theory, it is interesting to note that he>w.is the 
first to observe the remarkable degree to which the h^ahydrobensene 
derivatives resemble the corresponding members of the paraffin scries. 

UN SATURATED ALICYCLIC COMPOUNDS 

The cycloalkenes can ordinarily be prepared by the usual methods 
of making olefins, such as dehydration of the com-spondmg, a cohok 
However owing to the instability of the rings, cyclopropane and cyclo- 
butcne'requ'ire special methods These have been ^nthesised from 
corresponding bromides by thermal decomposition of the appropriate 
quaternary ammonium bases. , 

The simplest known cycloalkadiene ,s cydopentadiene _ It may be 

isolated from the fore-runnings when crude benzene is l<d andIP 
has also been found among the decomposition products of heavy paraffin 
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oil. Its tendency to polymerize has already been mentioned (p. 76). 
Cyclopentadicne is remarkable because it has an active methylene group. 
Thus, the diene reacts with methylmagnesium iodide to give a Grignard 
reagent and methane. 

CH=CHv CH=CHv 

I \CH, + CHaMgl - | >CHMgI + CH, 

CH=CIV CH=CH X 

With aldehydes and ketones, cyclopentadicne condenses to give highly 
colored hydrocarbons known as fulvenes. Benzophenone, for example, 
leads to the formation of diphenylfulvene. 



< «H 6 
«H* 


CH=CH\ /CeH 6 

I >c=c< + H 2 0 

CH—CH' N C«H 6 

Diphenylfulvene 


Cyclobutadienc has not been prepared. Particular interest attaches 
to this structure, however, because it is analogous to those of benzene 
(cyclohcxatrienc) and cyclooctatctraene in having a completely conju¬ 
gated system. Cyclooctatctraene was found by Willstatter 77 to be 


CH—CH 

I I 

CH—CH 


Cyclobutndicno 


^cii-cii^ 


CH 

^cii— cu< 


CH 


CycloLexairit'.ie 

(bowM^ 


✓CH—CH\^ 
CH CH 

II II 

CH CH 

Xch—ch/ 

Cydodctntct rneno 


highly unsaturated and entirely devoid of the properties peculiar to 
benzene and its derivatives. Because of the striking similarity between 
this compound and styrene in chemical and physical properties, the 
earlier work has been questioned. 78 Recently several investigators have 
attempted to find new routes to cyclooctatctraene derivatives. 79 

From a consideration of the models it was expected that the intro¬ 
duction of a double bond into an alicyclic ring would render the ring 
less flexible and in small rings would introduce strain or augment that 
already present. 

Some energy data are available relative to unsaturated compounds 
which offer support for the theory that a five-membered ring possesses 

77 Willstatter nml Wnser. Bcr.. 44. 3433 (1911); Willstatter and Hcidelbergor. Bcr., 46. 
617 (1913). 

u Vincent, Thompson, and Smith. J. Org. Chcm., 3. G03 (1939); Goldxvasser and 
Taylor. J. Am. Chan. Sue.. 61. 12G0 (1939). 

79 Wawzonek. J. Am. Chcm. Sue.. 62. 745 (1940); Fry and Fieser. ibid., 62. 34S9 (1940) 
Hurd and Drake, ibid., 61. 1943 (1939). 
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more strain than a six-membercd ring, and that the six-membered nng, 
m turn, possesses less strain than the corresponding open-chain com¬ 
pound. The heats of hydrogenation show that a double bond is more 
stable in a six-membercd ring than in an open-chain. 


Hexene 

Cyclohexene 

trans —A 2 —Oct&lin 


CtHis + H 2 
C«Hio + H 2 
C 10 H 16 + H 2 


C*Hm + 30.4 Cal. 
Cell,, +23.5 Cal. 
CioHu + 24.3 Cal. 


In support of this conclusion may be cited the fact that a double bond 
in a side chain will migrate to a six-membercd ring whereas the reverse 

has not been observed unless conjugation was unoUcd. 

The magnitude of this tendency in the six-membercd ring is indicated 
by the following heats of migration: 

.CHj-CHr^ /CHt-CH. 


% 


CII- 


^CHj-Ch/ 
^CHjCHjs^ 


C=CH, 


CH, 

\ 


CHt-CH^ 


C—CH, + 3.2 Cal. 


C11, 


\}H,CH,/ 


C=CHCH, 


/ 

CH, 


CH,—CH; 


'''CII.-CHf'' 


C—CH,CH, + 3.6 Cal. 


There is some evidence that the tendency for a semicyclic double bond 

the rate o" this addition is believed to be a ^oasmeof tl,c^ra-n >n e 
nn f On this 

strainliws 1 unsatii irated rings must contain more members than the corre- 

8P °rrrntfi3ou.d be mentioned «^Bredt rule which relates 

to bridged rings. It states that d Thu" 

atom at a point of fusion ° f l T* ivt . lhc nor mal unsaturated hydro- 
dehydration of camphcnilol docs noi y 
carbon, but yields santene instead. 

CH*—CH—CCHj 


CH*—CH—C(CIIjhr 


I 

ch 2 

—CH—CHOH 

Campliciiilol 

“Alder and Stein. Ann.. 601. 1 <10:«>- 


- HjO 


CH 


CII 


?-•! 

-CH—CCII 3 

Soiilfii* 
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This rule has proved to be very general 81 and has been interpreted to 
mean that such structures would involve a great amount of strain. If 
the ring system involved is straiuless as in 9,10-octalin the rule no longer 
holds. 

A special example of rings containing unsaturated linkages is fur¬ 
nished by the benzopolymethylene compounds. o-Benzopolymethylene 
rings are known varying in size from three members to rings of very large 
size. It is of interest to note, however, that the four-membered ring of 
this series has never been prepared. The m- and p-benzopolymethylcne 
rings are very difficult to prepare. The only examples of this kind which 
are known contain rings of sixteen and seventeen members. 82 

Rings are also known which contain the acetylene linkage. 8 * Cyclo- 
pentadccine and cycloheptadecinc have been made from the correspond¬ 
ing dibromides by treatment with alkali. 

^/(CH*)*—CHBr 
CH* 

^'(CH-)«—CHBr 

/(CH.hCHBr 
CH, 

\cH,),CHBr 

BICYCLIC COMPOUNDS 

It is now believed that the cyclohexane ring is capable of existing in 
two forms (p. 321); from their shapes these are called the “saddle” and 
“chair” forms. Owing to the difficulty of separating these hypothetical 
stereoisomers, it is generally assumed that compounds possessing this 
ring pass readily from one form into the other. 81 It should be remarked, 
however, that in this transition the ring must be supposed to assume a 
form which involves a slight increase in the amount of strain. Proof of 
the existence of two such forms has conic from studies of bicyclic ring 
systems. Several of these will be considered in some detail. 

The simplest condensed ring system which may be regarded as strain- 
less is that formed by the fusion of two cyclohexane rings in the 1,2 posi¬ 
tions. Thus,according to the theory of Mohr (p. 69), decalin should exist 

M Brcdt, Ann., 437, 1 (1924). 

bS Ruzickn, Buijs. and Stoll, Ilde. Chim. Ada. 16. 1220 (1932). 

81 Ruzickn. Hilrbin. and Bcckonoopcn. ibid., 16. 49S (1933). 

81 Wiphtman, J. Chcm. Soc.. 2541 (1920). 


/(CH*)*—C 

CH, j 

Nch-)«-c 

C yclopent adccine 

-C 

ch, | 

Nch,)t— c 

Cycloheptadecinc 
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in cis and trans forms. In recent years Hiickel has been able to demon¬ 
strate that this type of isomerism does occur in decalin and its deriva¬ 
tives. The /3-decalols will serve to illustrate the type of evidence which 
supports this view.* d-Dccalol (I) has been converted through the 

'VYVh^YV yV cH ’ co -sr^r co,H 

J^WCH,C0,H ^J-CH,CH S C0,H 


M. p.j 105° 


II 


III 




M. P-.76* 


VI 


VII 


decalone (II) to a cyclohexancdicarboxylic acid (III) which is known to 
have the e>'« configuration. This decalol, therefore « a a, form. Similar 
degradation of the decalol melting at 75° (V) showed it o have the (ran, 
configuration. The acid VII is resolvable into optical antipodes and 
thus, is proved to be the Irons modification. The «, acid (III) is a me,o 

form and cannot be resolved. . oIrt , e 

Isomerism of this type has been demonstrated for the o-decaloU, 
the a. and 0 -dccalyla.nines, and a number of other derivatives of decal£ 
A similar type of isomerism is known in the hydrindane senes. The 
0-hydrindanol derived from III by ring closure, and mductionexisW 

in two geometrically isomeric forms (Mil and «)' 

ilarly derived from VII exists in one racemic form (IX). 



VIII 


CIU 

X. 0112 

-H / 'OH 

CH= 

CII 2 

Villa 

IX > 

/ran*-lly«lrinduuol 


ci,-Hydnnd»noU 

A • 4 4 - t„ not ice is that m-dccalin contains 4.6 cal. 

per'to""nc^ hln t 'Uans fon„-.s shown by the heats of 
LbueUon This dWercnce cannot be explained - the basisofMohrs 
theory. Differences of this order are to be found between open-chain 
isomers, such as pentane and isopentane. 

“Hdckel. Fvrltchr. Chan.. Fhysik physik. Chan.. 19 (4AJ. 1 (1027). 
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STRUCTURE 

««sss5£SSE5S3 

the compound is so much lessrcnc # ^ modified char- 

alkynes that the unsaturat.o" appears ‘ b it fails com . 

acter. The hydrocarbon reacts only slo > decolorizes 

pletcly to combine with hydrogen brom.de; and, although it decolorizes 
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onirnnato in a cold acidic solution sufficiently rapidly for test pur- 

“ tsss&sss srs — 


CH* 


H*C—C—CH* 


+ h 2 0 


CH 

/\ 

H*C CH* 


H* I H* 


+ 3S 


H CII* 


CH* 

^>CH / 

CH* 


4- 2HS + CH*SH (2) 


C«I!«C0 9 H 


s« 

-> 

420 * 


p-cymone (11, or the dehydrogenation of the sesquiterpene o-selinene (2). 
Other examples are the ring enlargement and aromatization occurring m 
the dehydrogenation of cholic acid (p. 1351) with selenium at a high 
temperature (3), and the conversion of n-butyl-cyclopcntane into o-ethyl- 
toluene on dehydrogenation with palladium charcoal.* 

The special stability of the benzenoid nucleus as compared with less 
highly unsaturated cyclic systems is indicated with striking clarity by 
thermochemical data. Whereas early measurements of heats of combus- 


* Wieland. Iirr.. 45, 2615 (10121. 

= Kasan.-ky and Plate. Brr.. 69. 1862 <193Qj. 
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tion 3 indicated that the formation of benzene from dihydrobenzenc 
requires an energy input amounting to one-fifth to one-fourth that in¬ 
volved in the removal of two hydrogen atoms from cyclohexane or cyclo¬ 
hexene, it has been shown more recently by the direct determination of 
heats of hydrogenation that the conversion of 1,2-dihydrobenzene into 
benzene actually is a slightly exothermic reaction (5.6 C'al.). 4 It is 
almost certain that dihydrobenzenes are thermodynamically unstable 
with respect to benzene and, consequently, that reaction 4 will proceed 
in the direction indicated under the influence of a suitable catalyst. 


d-o +H - +5, “ 


Halogen and hydroxyl derivatives of 1,2- and 1,4-dihydrobenzene, such 
as 1,2-dibromo-1, 2 -dihydrobcnzcne, hitherto have eluded isolation, and 
the lack of stability of these compounds probably is attributable to 
similar energy relationships. 

It is a further mark of the aromatic character that the chief reactions 
of the compounds in question are substitutions rather than additions. 
The line of demarcation is by no means a sharp one, and examples will 
be cited below of additions to aromatic compounds as well as of substi¬ 
tutions of alkcncs, but the general difference in the reaction type never¬ 
theless is impressive. In defining aromaticity, however, the type of 
reaction is given a place of secondary importance because it is m all 
probability a direct consequence of the properties discussed above. A 
distinct parallelism is easily discernible, for where the ring system is 
particularly stable and inert, as it is with nitrobenzene or pyridine, only 
substitution occurs, and that with difficulty; naphthalene and anthra¬ 
cene are more susceptible to any kind of reaction, they are more like 
alicyclic ethylenic hydrocarbons, and they often yield addition products. 
It is only where the stability characteristic of the aromatic condition is 
not highly developed that an addition product of a dihydrobenzenoid 
structure is capable of existence. It is properly said that nitrobenzene 
possesses a higher degree of aromaticity than benzene an d that naphtha¬ 
lene is less strongly aromatic than the parent hydrocarbon. The greater 
susceptibility of naphthalene than benzene to addition reactions is a 
niark of its inferior aromaticity. 

That functional groups sometimes display a somewhat unique char- 
acter further distinguishes the benzeuoid compounds. When compan- 


1 Stohmann and Lan„boin. J. - - -- «»■ 447 Ro,h v ' 

Ann., 407 14fi fifll 

‘ Ki.tilkow.lcy' Huboff. Smith, and Vumchan. J. dm. Ckan. &«.. 68. 140 <1930.. 
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son is made with open-chain compounds which are unsaturated, how¬ 
ever, the differences often are slight. The inert nature of the halogen 
atom in bromobenzene is encountered also in vinyl bromide, and the 
phenols arc comparable in acidic strength to the aliphatic enols. Although 
the existence of diazonium compounds of the aromatic, but not of the 
aliphatic, series appears to indicate a unique property of the aromatic 
amines, it is possible that the discrepancy is due merely to lack of data 
upon which to base an accurate comparison. One real difference is that 
the hydroxyl derivatives of benzene show much less tendency to ketonize 
than do the aliphatic enols, but this is only another manifestation of the 
special stability of the unsaturated ring or, conversely, of the thermo¬ 
dynamic instability of the dihydride structure of the keto form (5). 


O OH 



H H 


Finally, it may be noted that the benzene ring not only is capable of 
persisting throughout many transformations of side chains and sub¬ 
stituents, but also functions as a closely knit unit in which each part is 
coordinated with the whole. A substituent not only influences the 
reactivity at an adjacent carbon atom but also modifies the character of 
the entire ring, and the transmittance of an orienting or activating effect 
to the para as well as the ortho position illustrates clearly the special 
nature of the aromatic compounds in this respect. 

Although the formulation of a theory which will best account for the 
special characteristics of the aromatic compounds usually is referred to 
as the benzene problem, benzene is only one representative of a large 
number of cyclic substances which possess to a greater or less degree the 
properties listed above, and an adequate theoretical interpretation 
should be broad enough to include the polynuclear aromatic hydrocar¬ 
bons and the unsaturated hetcrocycles of aromatic characteristics. 
Conversely, the modification in properties produced by fusing together 
two or more benzene rings, or by the insertion of a hetero atom, may 
serve to reveal tendencies not directly discernible in the unmodified mole¬ 
cule. In the following inquiry into the problem, an attempt will be made 
to assemble and evaluate the pertinent facts concerning all the aromatic 
types. 

Benzene Formulas. There is abundant evidence from the facts of 
isomerism, from hydrogenation experiments, and from crystal-structure 
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studies that benzene contains a ring of six equivalent carbon atoms, each 
carrying an atom of hydrogen. The only problem is that of accounting 
for the fourth valence of each carbon atom. Of the many solutions which 
have been suggested, only two can be said to make use of the ordinary 
conception of the valence bond, namely, the formulas of Kekuld (1865) 
and of Ladenburg (1869).* The formulation which originally was given 
preference by Kekull, largely because of its simplicity, has been the sub¬ 
ject of continued experimental investigation and debate, and there is 
much to recommend the conception of a ring system of alternate double 
and single bonds. For a preliminary examination of the various hypothe¬ 
ses it will be sufficient to show why many of Kckull's contemporaries 
were led to consider his formula inadequate and to construct alternate 
hypotheses. One much-discussed objection was raised by Ladenburg, 5 
who pointed out that although the Kekute formula predicts the existence 
of only one monosubstitution product of benzene and is thus in accord¬ 
ance with the known facts, it allows the existence of a greater number of 
disubstitution products than arc actually known. Among such deriva¬ 
tives there should be two ortho compounds and, when the two groups 
are different, two meta compounds. These predictions were contrary to 



all experience. In many cases disubstitution products of the types indi¬ 
cated had been prepared by methods which utilized a different sequence 
in the introduction of the groups and only a single ortho or meta derivative 
was obtained. 

In reply to Ladenburg’s criticism, Victor Meyer 6 offered the reason¬ 
able opinion that the distinction between the two possible isomers 
probably is so subtle as to escape detection by ordinary methods. 
Kekute, 7 however, felt that Meyer’s stand was too weak, and he con¬ 
structed a mechanistic picture, the essence of which is that the double 
bonds arc assumed to be in a constant state of oscillation between the 


* References to the early literature may be found in Bdl s «cin-Pra K er-Jucobso,^ 
"Handbuch d. org. Chemie.” 4th ed.. Springer. Berlin (1922). Vol. V. PP- 173-174. good 
discussions are given in Cohen. “Organic Chemistry.” 5th od.. Longmans. Green and C o ;( 
London (1928). Part II. pp. 422-468. and in Meycr-Joeobson. "Lchrbuch d. org. Chomie. 
V oit & Comp.. Leipzig (1902). Vol. II. Port I. PP- 40-7* 

* Ladonburg. Her., 2. 140 (1809). 

•Meyer. Ann.. 156. 293 (1870). 

7 KekuI6, Ann., 162, 85 (1872). 
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two possible positions. This idea was open to the criticism that, regarded 
as a proposal of dynamic isomerism, it did not correspond with the dis¬ 
covery that the interchange between actual tautomers often occurs with 
measurable velocity. It is not so inconsistent with the modern concept 
of resonance (p. 1950), but in its time, the oscillation hypothesis only 
served to divert attention from the views based upon sound analogy and 
to weaken the standing of the double-bond formula. 

A further, rather serious objection to the Kekul6 formula arose from 
the difficulty of understanding why, if benzene contains three ordinary 
double bonds, it is so inferior to the ethylenic hydrocarbons in reactivity. 
Most of the later formulations were designed to express in some way the 
modified unsaturation peculiar to the aromatic compounds. The extreme 
attempt in this direction is the Ladenburg prismatic formula, which 
may be said to indicate no unsaturation at all, in the ordinary sense, and 
thus to represent a very inert and stable molecule. In the accompanying 
formula (I), a carbon and hydrogen atom are assumed to occupy each 




corner of the figure, and the positions are numbered so as to correspond 
to those of the more familiar hexagonal formulas. In order to conform 
to the Korner principle of orientation the 1,2-, 1,3-, and 1,4-positions 
must be regarded as ortho, mela , and para , respectively. Thus a 1,4-di- 
derivative (para) would be the only isomer capable of giving rise to but 
a single monosubstitution product. 

The Ladenburg formula actually is of only historical interest, for it 
is disproved quite definitely by a number of observations. Some men¬ 
tion of the evidence may be not out of place, however, for this will at 
least show certain of the requirements which a formula must meet in 
order to be admissible. In point of time the first demonstration of the 
inadequacy of the prism formula was that adduced by Baeyer in his 
classical researches on the hydrophthalic acids, commencing in 1880 . 
The prismatic form of benzene pictured by Ladenburg would have to 
open on hydrogenation in such a way, for example, that the 1 and 3, or 
mela, positions would be adjacent to each other in the resulting cyclo¬ 
hexane, as pictured in formula II. Baeyer, however, developed a thor¬ 
ough experimental proof that substituents in the hydrogenation products 
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are not found in the positions indicated but rather that groups attached 
in the ortho positions in benzene are located on adjacent carbons in the 
cyclohexane formed.* Further objections to the prism formula are that 
it is incapable of accounting for the polynuclear hydrocarbons and that 
it does not meet the requirements of space symmetry. The introduction 
of two different groups, as in formula III, would give rise to molecular 
asymmetry (p. 221), but no such simple benzene derivative has been 
found capable of resolution, and there is no instance of an optically active 
natural product which owes its activity to the asymmetry of an isolated 
benzene nucleus. 

Perhaps the most convincing evidence is that furnished by the recent 
x-ray crystallographic studies. Investigations in this field (p. 17G2) have 
shown that all six carbon atoms of benzene lie in a plane and that the 
hydrogen atoms or substituent groups radiate from the ring in the same 
plane. It is possible that the ring is slightly puckered, but any such 
deformation must be practically inappreciable, and it certainly does not 
represent a permanent condition.* From the x-ray analysis of hexa- 
methylbenzene, and with the aid of certain inferences by Bragg 9 re¬ 
garding naphthalene and anthracene, Lonsdale 10 determined the dis¬ 
tance between carbon centers in the aromatic ring and estimated other 
dimensions of the hcxamethylbcnzenc molecule. The results for this 
and other aromatic compounds obtained by various investigators arc 
in substantial agreement with those of Lonsdale, and the conclusions 
based upon x-ray measurement* have been confirmed and extended by 
application of the electron diffraction method. The dimensions for the 
benzene molecule given in the accompanying figure are those reported by 
Jones. 12 The length of the aromatic carbon-carbon bond (1.40 A) is 
known with an accuracy of ±0.01 A, while the value for the C liro mMic—H 
bond (1.14 A) is subject to somewhat greater uncertainty. The estab¬ 
lishment of the planar nature of the benzene ring definitely excludes the 
prism structure proposed by Ladenburg as well as several other three- 
dimensional representations which have l>cen suggested. These space 
formulas have been reviewed and criticized by Gracbc w and by '» it tig, 
and they need not be discussed here. 


Cohen, lot. cit.. pp. 440-440; Meycr-Jacobson, loc. cit. 


• For reviews of this work 
pp. 704-771. 

• Derginann and Mark. Dir.. 62. 750 (1929). 

• Bragg, Proc. Phy*. Sue. {London). 34. 33 (1022); 35. 107 0923). 

10 Ix>nndiilo, Tran*. Faraday Sue.. 26 . 352 (1020). 

" Robertson. Chcm. Dev.. 16. 434 (1935). 

** Jones. Tran*. Faraday Sue.. 31. 1030 (1935). 

'»Gracbc. Brr.. 36. 526 (1902). ^ 

14 Wittig. "Stcrcochcmic." Akadcniisclic \ crlaitsgescllarhaf*. ix'ipzig (1936). pp. 15- 



124 


ORGANIC CHEMISTRY 


The experimentally determined distance separating adjacent carbon 
centers in the benzene ring is 1.40 A, and this may be said to represent 
the length of the ordinary ortho bond. It will be seen from the figure 
that a valence linkage between para carbon atoms would constitute a 
bond twice this length (2.80 A). This value is considerably greater than 
the distance between carbon centers in any known type of compound, 



as can be seen from a comparison with the results obtained for various 
kinds of linkages: >»• Ia C—C bond in diamond, 1.54 A; C—C bond in 
graphite, 1.42 A; C a ii P hat»e —C.| ip hatk> bond in normal alkanes, 1.54 A; 
Chromatic—Q»| ip h a tic bond in alkyl benzenes, 1.47-1.50 A; C=C bond in 
benzoquinone, 1.32 A. It is evident that an aromatic para bond would 
represent something quite unlike any known type of linkage, and conse¬ 
quently that all formulas for benzene which employ such a bond must 
be considered as being of a purely speculative nature. While it is possi¬ 
ble that an adequate solution of the benzene problem can be found 
only with the aid of some special hypothesis with regard to valence, it 
is well to differentiate clearly between those theoretical concepts which 
are based upon analogies with known compounds and those which postu¬ 
late a type of linkage not encountered among non-benzeuoid compounds, 
and formulas utilizing the idea of a para bond clearly belong to the 
second, speculative, group. 

One of the earliest of the suggestions utilizing the para bond is the 
diagonal formula of Claus. The idea of a direct connection to both the 
ortho and para positions was considered to be of great advantage in 
providing a mechanism whereby a substituent can exert an influence in 
both these positions, and the hypothesis was particularly attractive 
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during the years when little or nothing was known concerning the nature 
of conjugated systems and 1,4-additions, and hence when it was not 
yet possible to understand the close relationship of the para carbon 
atoms on the basis of the Kekute formula. Even with these modern 
developments, the Claus formula has continued to receive occasional 
attention, as for example in the electronic interpretation of the diagonal 
formula proposed by Pauling. 1 * That the Claus formula assumes a con- 
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figuration for the carbon atom which departs widely from the normal is 
perhaps an insufficient reason for its rejection. That it calls for three 
valence bonds of twice the ordinary length, and that it requires the 
assumption that these special bonds confer upon the molecule a remarka¬ 
ble degree of stability, classifies the hypothesis as being not only specula¬ 
tive but improbable. Since aliphatic carbon-carbon bonds are slight y 
longer and slightly weaker than the aromatic linkage between ortho 
carbon atoms, it may be inferred that a long bond connecting para car¬ 
bon atoms in the benzene ring would represent a very weak linkage. 
The diagonal formula, therefore, would imply on extremely reactive 
molecule quite different in properties from benzene. Pauling subse¬ 
quently called attention to this defect in the hypothesis which previously 
he had supported. The chemical evidence is of a negative character 
but it points in the same direction. By partial hydrogenation (Baeyer) 
or by ring cleavage (Th. Zincke) one of the unsaturated linkages can be 
opened under conditions not likely to affect the remaining centers of 
unsaturation. The latter appear in the reaction products not as para 
bonds but as ordinary double linkages. Examples of such reactions will 

be given later. , , . „ t 

The theoretical objections to a para bond of any sort apply equally 
well to the structure suggested by Dewar and utilized in Graebc s ant lira- 


O 

Duwar. 1807 


ODO 

Graebc. 1807 


cene formula. There is some justification for representing the meso 
carbon atoms of anthracene as being connected by a long, weak bond in 
order to account for the great reactivity at these positions, and the 


11 Pauling. J. Am. Chrm. Soe.. 48 . 1132 (1920)- 
«• Pauling and Whcland. J. Chrm. Vhy., 1. 302 (19.13). 
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Graebe formula will be given further consideration in a later section. 
As applied to benzene, the formulation received little attention until 
revived by Ingold 17 in 1922 in order to account for the transmission of 
a directive influence to the para position. Some secondary hypothesis 
is required to provide for the known symmetry of benzene, and Ingold 
considered the Dewar formula to be an intermediate phase of oscillation 
between the two Kekute structures. It would, however, represent far 
too reactive a structure to have a finite existence in the chemical sense, 
for activity would arise not only from the para bond but also, as remarked 
by R. Robinson, 18 from the two isolated ethylenic linkages. 

The Armstrong-Baeyer centric theory 19 represents a speculation of 
still another kind. The fourth valence of each carbon atom is not con¬ 
sidered to be connected to any other atom but is pictured as being 
directed toward the center of the nucleus. It is supposed that the par- 

Q G 

Ariustrons-bacycr. 1887 

tial valences effect a neutralization of energy at the center, that by their 
mutual action the combining power of each is rendered latent. The 
centric formula has had a certain appeal because it gives formal expres¬ 
sion to the fact that the benzene ring possesses certain peculiarities, but 
one might argue that the same purpose would be served by the use of 
a plain hexagon labeled “Ar.” The hypothesis of stabilizing partial 
valences in no way solves the mystery of the stability of the ring; it 
simply states the problem in a different way. The lines directed toward 
the center are not intended to represent free valences, and it is dif¬ 
ficult to assign to them any real physical meaning except, perhaps, that 
the formula may be taken to indicate a cluster of six electrons at the 
center of the carbon ring. This and other electronic conceptions will be 
discussed below. For the present it may be noted that, since the centric 
formula is beyond the reach of experimental evaluation, its only claim 
to merit would have to be derived from a demonstration of its usefulness 
in the correlation of fuels. Bamberger - 5 ’ attempted such a correlation 
in the field of those unsaturated hetcyclerocs which possess to a greater 
or less extent the properties characteristic of the aromatic condition. 
Ilis representations of a few of these substances are shown in the formu- 

17 Ingold, J. Chcm. Soc.. 121. 1133 (1922). 

18 Itobinson. Ann. JUpl -t. Chtm. Soc. ( Loiulon ), 29. 80 (1922). 

19 Armstrong. J. Chcm. Sue., 61. 204 (18S7); Bncyer. Ann.. 245. 121 (18SS); 251, 285 
(1889); 269 . 188 (1892). 

10 Bnnibcrgcr, li.r.. 24 . 1758 (1S91); Ann.. 273, 373 (1S93). 
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las. The formula for pyridine resembles closely that for benzene, and 
the trivalency of nitrogen is in accord with the fact that pyridine forms 
stable salts and alkyl halide addition products. In pyrrole, however, 
the nitrogen atom is assumed to be pentavalent, and the fact that this 
heterocycle does not form stable salts is laid to the utilization of the 
salt-forming valences of nitrogen in contributing to the centric system 
of the ring. In the same way, thiophene and furan are regarded as con¬ 
taining tetravalent hetero atoms, and indeed the former compound does 

0 9 

Pyridine Pynolj 

not add alkyl halides. According to Bamberger, all these heterocycles 
resemble benzene in having six valences directed toward the center, and 
he took it as axiomatic that the aromatic character is in each case due 
to the hexaccntric system. 

This view, though interesting and suggestive, is open to certain objec¬ 
tions. In a paper of 1894 , Knorr 21 criticized Bamberger’s formulas for 
pyrrole and pyrazole on the ground that open-chain compounds having 
only alkyl groups or hydrogen atoms joined to pentavalent nitrogen, 
analogous to the hypothetical structures, were entirely unknown The 
hypothesis becomes no more reasonable now that such compounds have 
been discovered, for they are highly unstable substances entirely dif¬ 
ferent from pyrrole, and the fifth alkyl group is held by a valence which is 
very closely akin to a polar l>ond (p. 1837 ). It may be argued further 
that some of the alkylated pyrroles do appear capable of salt formation, 
while retaining the aromatic properties. It is also worth noting that 
the weak basicity of pyrrole can be explained just as well by means of t he 
double bond formula (IV). On this basis, the hcterocycle ,s comparable 
with an imide (V) or with diphenylaminc (\ I), and the lack of .stiong 
salt-forming qualities is attributable to the presence of unsaturated sub¬ 
stituents joined to nitrogen ” (see p. 210). 

Like Armstrong and Bacyer, Thiele =* sought to account for the dimin¬ 
ished unsaturation of benzene by t he use of a novel concept ion of the nature 
of valence. Starting with the Kekuk* formula, and with the idea that 

*' Knorr. ,4 nr... 279. 188 (1894). 

** Marckwald. Ann., 279. 1 (18941. 

**Thiolo, Ann., 306. 125 (1899j. 
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a partial valence is associated with every unsaturated atom, Thiele sup¬ 
posed that the six partial valences of benzene, VII, neutralize each other 



in pairs to form three inactive double bonds, as in VIII. The original 
double bonds are thereby rendered inactive as well, and the distinction 
between these bonds and the newly formed linkages may be so slight 
that the final result is perhaps best represented as in IX. Any difference 

O 

vm 

Thiele. 1S90 

between ortho positions vanishes, and benzene is represented as a sym¬ 
metrical ring of six inactive, semi-double bonds which are regarded as 
conferring upon it a special stability. Thiele’s second formula amounts 
to practically the same thing as the centric formula, for in each case 
there is pictured an internal neutralization of the fourth valences of the 
ring atoms. There is the difference, however, that, although Thiele did 
not provide a theoretical mechanism whereby the supposed neutraliza¬ 
tion or dampening might take place, and although the partial valences 
cannot be said to possess a physical reality, Thiele did develop a con- 
cvption of the reason for the inertness of the benzene ring based upon a 
• .'ional comparison with open-chain compounds. It is quite generally 
• that a conjugated system is more stable and more prone to function 
a unit than a system of the same degree of unsaturation but lacking 
io feature of conjugation. According to the Kekul6 formula, benzene 
. mtains a particularly symmetrical, closed conjugated system of double 
and single linkages, and this feature may well confer upon the molecule 
a special stability. It is difficult to see any great advantage in the 
ttempt to express this idea by means of a special formula such as \ III, 
»r the curved lines have no significance in terms of the modern con- 
«;• -ijtson of the nature of the chemical bond. The simple Kekuld formula, 





AROMATIC CHARACTER 


129 


interpreted as indicating a special type of conjugation, serves just as 
well, and the contribution of Thiele to the general problem was in con¬ 
centrating attention on this interpretation. 

Although this structural feature is doubtless of considerable impor¬ 
tance, it appears that the idea of conjugation alone does not solve the 
problem. If the aromatic character of benzene were attributable solely 
to a symmetrical, cyclic system of alternate double and single bonds, 
cyclooctatetraene (X) might be expected to possess the same inert, 
stable character as benzene. Willstatter =* prepared a hydrocarbon 


CH=CH 
/ \ 
CH CH 


CH CH 

\ / 

CH*=CH 


presumably having this structure and found that the substance is yellow, 
decolorizes permanganate instantly, forms a dibrom.de and a hydrogen 
bromide addition product, and rearranges easily when in a slightly 
impure condition to a more stable product, possibly having a bridged 
structure. Hurd and Drake» have noted that no proof was pro¬ 
vided that the Willstatter hydrocarbon has a conjugated system, and 
they have expressed the view that the substance conceivably may have 
contained an allcnic group. Goldwasser and Taylor - finding that cyclo- 
octenc on catalytic dehydrogenation at temperatures above 400 gives 
styrene, suggested that the supposed cyclooctatetraene may have been 
styrene, but in view of Willstatter’s identification of cyclooctane as the 
product of the catalytic hydrogenation of the unsaturated hydrocarbon 
this conjecture hardly seems admissible. Confirmation of the structure 
and properties of the hydrocarbon, to be sure, is highly desirable At- 
tempts to synthesize benzo and dibenzo derivatives of cyclooctatetraene 
have been initiated." If Willstatter’s observations regarding cyclooc- 
tatetraene are sustained, the properties of the hydrocarbon perhaps con¬ 
stitute a serious objection to the Keki.16 cyclohexatnenc formula for 
benzene. It is possible, however, that the real anomaly may be in the 
nature of cyclooctatetraene rather than benzene (see p. 213). In 
comparison with certain open-chain conjugated polyenes whose proper- 

-WULUUter and Waaor. Brr.. 44 34Z3 <10.1.: Will,Ut.«r and Hcidalbcrg.r, Be, 

“ Hurd and Drake. J. Am. Chcm. Sot.. 61. 1943 (1939) 

*• Goldwaissor and Taylor, ibid., 61. 1200 0*39). , 1040 , 

n Wawzonck, ibid.. 62 . 745 (1940); Fry and Hcacr. ibid., 62. 8489 (1940). 
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ties will be discussed in a later section, Willst&tter’s cyclooctatetraene 
appears to be more reactive and less stable than would be expected, and 
the compound may not provide a sound basis for the evaluation of the 
KekulS formula. 

Attempts to synthesize cyclobutadiene thus far have resulted in 
failure, but from the nature and outcome of the attempts it appears 
likely that if the hydrocarbon is capable of existence it is a highly reac¬ 
tive and unstable compound wholly unlike benzene. A comparison of 
the conjugated four- and six-membered unsaturated structures is hardly 
appropriate, however, for the cyclobutadiene ring could be formed only 
with considerable departure from the normal tetrahedral angles and 
would surely be under significant strain. The element of strain probably 
does not arise with either benzene or cyclooctatetraene. 

It is appropriate to conclude this discussion of formulas and theo¬ 
retical interpretations with an account of the electronic formulations 
(p. 1970) of benzene, for these give a more concrete expression to the 
older representations and help to clarify the problem. In the electronic 
representation of the Kekul6 formula (XI), the carbon atoms are con¬ 
nected alternately by a pair of shared electrons, and by two such pairs. 
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The only essentially different formulation (other than the resonance con¬ 
cept discussed on p. 207) is that first suggested by Kauffmann M and 
written by Kermack and R. Robinson =• as shown in formula XII, the 
electrons connecting the nuclear carbon atoms being distributed evenly 
in triplets. The formula can be written in various ways without altering 
the essential idea which it is intended to convey. The six electrons not 
required for the single binding of the carbon atoms may be regarded as 
forming a stable association having an unspecified location in the center 
of the ring, 30 for example, or the formula may be written as in XIII. The 
sextet of central electrons is supposed to confer upon the molecule its 
special aromatic character. Goss and Ingold 31 pointed out that the 
aromatic heterocyclic compounds can be correlated with benzene by 

,s KnufTmnnn, "Dio Valcnzlchrc.” Enkc, Stuttgart (1911), p 539. 

M Kcrmack and Robinson. J. Cbcm. Soe., 121. 427(1922). 

,0 Armit and Robinson, ibid., 127 . 1004 (1925). 

a ‘ Goss and Ingold. ibid.. 12G8 (192S). 
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adopting Bamberger’s hypothesis regarding the valence of the nitrogen 
atom in the five-membered rings. Pyrrole, for example, can be assigned 
the formula XIVa or XIV6, the latter giving particular prominence to 
the aromatic sextet. Bamberger's “rule of six” thus finds an exact 

H : C • C : H 
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electronic counterpart, but the latter .s no more accurate as an empirical 
classification than the former, and atomic-structurc theory offem no 
explanation for the supposed rule that the sextet of electrons us responsi- 

ble for the stability of the aromatic nucleus. ... 

The electronic formulas XII and XIII, onpnatinR in the suggestion 
of Kauftmann, may be represented in various s.mphfi^ forms a.sindi- 
cated. A little reflection will show that the essential idea whch any of 
the formulas is intended to express is exactly the same as that given by 
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Thiele's second formula, namely, that there Ls '‘o distinction bcUv^n 
any of the six bonds in the ring and that these, are all o a different cl a.- 
acter from any known type. It la likewise evident that if Je ccntr c 
formula of Armstrong and Bacycr can be given any ui erpmtatmn m 
terms of the modern conception of valence it must take the form> of Uu» 
same Kauffman,, structure, which for this purpose might be anUnorn 
formula XIII, alrove. All the formulas under discussion are roall equi - 
alent, and the idea which they represent and which may be said to be 
embodied in the hypothesis of a ccntric-oicctron structure, is that all six 
carbon-carbon linkages are identical. This view in no sense cxplau.s the 
stability of the aromatic ring, but it suggests that this is in * « ) 
dependent upon a central electron-smear containing J^t six cectroi^ 
The suggestion is necessarily vague, for it is difficult to sec how the stat c 
formula can be translated in terms of a dynamic, orbital structuie. he 
position of the heterocyclcs in this scheme also must be regarded as 
highly speculative. The fundamental assumption of complete sym e 
however, represents a perfectly definite point of view and one which a, 
perhaps capable of being tested. 
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Of the other formulas which have been discussed, that of Ladenburg 
is quite definitely excluded, and the formulas of Claus and of Dewar are 
so highly improbable that they also may be ruled out. The only alterna¬ 
tive to the above view is that represented by the Kekute formula, and 
it matters little whether this is written with bonds or with electrons, or 
whether Thiele’s curved lines of neutralization are included, so long as 
these are given no physical meaning and understood merely to draw 
attention to the conjugation. 

Here, then, are two quite definite views regarding the constitution 
of the aromatic compounds. The one postulates the presence in benzene 
of three double bonds; the other holds that there are no such linkages. 
According to one formulation the two ortho positions may be different, 
and according to the other they arc quite indistinguishable. Out of the 
enormous accumulation of facts regarding the reactions of the aromatic 
compounds there should be evidence sufficient to distinguish between 
the two possibilities, and in the following pages an effort will be made 
to evaluate the pertinent material. It also may be possible to show that 
one formula or the other offers a better explanation of certain facts and 
hence is the more likely to be true. Since the Kekuld formula alone can 
be compared with known types, it must bear the entire burden of the 
proof, with respect to both the direct and the circumstantial evidence, 
and the following survey will consist largely of an inquiry into the 
validity and the usefulness of the Kckul6 formula. 

The Question of the Presence of Double Bonds. Evidence derived 
from reactions of synthesis and of degradation lacks conviction because 
of the possibility that the double bonds known to be present in the 
starting materials, or found in the degradation products, disappear with 
the formation of the ring, or appear with its rupture. It may be said 
only that the Kekutf formula offers a ready and satisfactory interpreta¬ 
tion of such reactions. Examples of syntheses which would be expected 
to yield cyclohexatriene derivatives are found in the polymerization of 
acetylene at 500° to benzene, the formation of mesitylene from acetone, 
and Barbicr and Bouvcault’s K synthesis of pseudocumene (1). As ex- 
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J: Burbier and Bouvoault. Com pi. raid., 120. 1420 (1895). 
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* 

amples of degradations which seem to reveal the presence of double 
bonds in the aromatic nucleus, mention may be made of the oxidation of 
benzene by catalytic methods to maleic acid (2), and of the oxidation 


H0 2 C 

\ 

CH 

(2) II 

CH 

/ 

ho 2 c 


to) 

(catalytic) 


to) 

(biological) 


CH 

/•\ 

CH COjH 

| (3) 

CH COjH 

CH 


of the hydrocarbon in the organism of the dog to mucon.c acid” (3). 
Another reaction which appears to follow the course ordinary for unsat¬ 
urated compounds is the oxidation of /J-naphthol with permanganate " 
or with peracetic acid (yield, 73 per cent) “ to o-carboxyeinnamic acid (4). 




OH 
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More secure evidence for the presence of double bonds in aromatic 
rings is furnished by the Isolation of certain products of addition. 
Addition products arc encountered much less frequently with benzene 
than with the polynuclear hydrocarbons, but a few definite examples of 
such substances arc known. Although benzene is somewhat more resis¬ 
tant to hydrogenation than open-chain unsaturated compounds, the 
absorption of three moles of hydrogen proceeds smoothly when a suit¬ 
able catalyst is used and all traces of thiophene arc eliminated from 
the hydrocarbon. Benzene also is capable of adding three moles of chlo¬ 
rine or of bromine without liberation of hydrogen halide. The reactions 
proceed rapidly under the accelerating influence of light and in t ie 
absence of oxvgcn, which has a pronounced anticatalytic effect. The 
reaction withozonc is particularly convincing, for with ordinary com¬ 
pounds the formation and degradation of an ozomde ls taken as excellent 
evidence of the presence of a pair of unsaturated carbon atoms The 
reaction of benzene with ozone does not proceed very smoothly, but 
there is formed a triozonidc which undergoes decomposition in the usual 
way to give glyoxal.* 7 An addition involving only one of the three 
centers of unsaturation has l**en observed in only a single instance. 


” JaT6, Z. phusiol. Chon.. 62. 58 ( 1 WJ). 

14 Ehrlich and Bcnodikt. Atonalsh.. 9. 527 (18SS). 

” Bocscken and von KSniRsWdt. ltcc. trar. chim.. 54. 313 (19.1o). 

” Luther and Goldberg. Z. phy.ik. Chon.. 66 43 (1900). 

"Harries and Won*, Brr.. 37. 3431 (1904); Harries. Ann.. 343. 311 (UOo). 
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Buchner 38 found that diazoacetic ester reacts with benzene at 150° with 
loss of nitrogen and addition of the acetic ester residue to adjacent posi- 

CHO 

Ht o ? CHO X CHO 

* CHO /CHO 

'0 3 CHO 

tions in the ring. The formation of a norcaradiene carboxylic acid ester 
is entirely analogous to the production of cyclopropane esters from 

(^J) + ?>CHC0 2 R — ^^CHCOiR + Nt 

aliphatic ethylcnic compounds. Similar products were obtained from 
toluene and the three xylenes, while with mesitylene the cyclopropane 
derivative, if formed, is isomerized at once to a cycloheptatriene deriva¬ 
tive. 

Though it is possible with the aid of suitable assumptions to account 
for these reactions on the basis of the centric electron formula, the sim¬ 
plest explanation of the formation of addition products in the reaction 
of benzene with ethylcnic reagents is that ethylcnic bonds are present 
in the molecule. Consequently, it is a matter of importance to consider 
more fully the possible location of these bonds in some of the substitution 
products of benzene. 

The Question of Isomeric Kekule Forms. The fact that isomeric 
ortho compounds have not been discovered is a far less valid objection 
to the Kekuld formula today than when Ladenburg originally raised the 
question. A similar argument was once cited against the Sachse-Mohr 
non-planar formula for cyclohexane, and for many years the formula was 
rejected largely because it predicted two isomers where none were found. 
Isomeric forms of cyclohexane itself are still unknown, and yet on the 
basis of other evidence the Sachsc-Mohr theory (p. 69) has been firmly 
grounded. Then* is reason to believe that more than one form of cyclo¬ 
hexane can exist, but that the difference between the forms is very slight 
and that the transformation of one form to another can be accomplished 
with very little expenditure of energy. This is no true analogy to the 
case of benzene, but rather an interesting historical parallel. There are, 
however, some analogies for the interconversion of possible isomers by 

»* Buchner nmi C’urtius. Bcr.. 18. 2377 (1SS5); Buchner. Bcr.. 29 . 100 (1S9G); Buchner 
unit DclbrUck, Ann.. 358. 1 (190Si; Buchner and Schulze. Ann., 377. 259 (1910): Buchner 
and Schottenhammer. Bcr.. 63. SG5 (1920). 
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the shifting of double bonds. Methods calculated to yield the methoxy- 
indenes I and II have been found to give a single compound. 39 Another 



example is from the field of the heterocyclic compounds Ivnorr - found 
that each of the isomeric pyrazole derivatives, III and V, can be con¬ 
verted by oxidation of the substituted N-phenyl group, and decarboxyla¬ 
tion, into a methylpyrazole. The same product was obtained m each 


CH-CCH, 

II II 

CH N 

\ N / 

I 

C.H4NH1 

111 


CH-CCH, 

CH—CCH, 

CH— 

II II 

CH N 

?=* 1 1 

| 

CH NH 

CH 

\ N / 


% N / 

1 

H 

IVo 

ivt 

V 


CH, 


case, and consequently it is seen that the structures IVoand IV6 prob¬ 
ably represent mobile tautomers. This methylpyrazole, it may be noted, 
is in every sense an aromatic compound, for it can be nitrated oi m« 1- 
fonated, and on oxidation the methyl group is attacked rather than the 

0,1 Pairs of isomers no more exist in these instances than with ordi¬ 
nary ortho derivatives of benzene, and this is true even though the 
intcrconvcrsion involves, in addition to a shift.ng of double bon,Is around 
a symmetrical ring, the migration of a hydrogen atom. The v.ew of 
Victor Meyer that the difference between the ortho isomers would be 
so slight as easily to escape detection appears to be a together rations 
Graebe ■* took much the same view, but added the further suggestion 
that for each ortho compound one of the KckulC structures may be 
slightly more stable than the other, and that the conve.-s.on to tins more 
stable form probably takes place with great ease. Kcddel.cn further 
remarked that the ortho isomers should la- regarded as tuulomcr.c, and 
he expressed the view that the introduction of heavy groups might 
stabilize one tautomeric form to the extent that tins m.ght be detectable 
possibly by some delicate diagnostic reaction. He suggested the use o 
ozone, and it is interesting to note that this reagent has ...deed been found 


” Ingold and Piggott. J. them. Soc., 123. 1409 (1923). 
« Reddclien. J. irrakl. Chcm.. (2| 91. 213 (1915>. 
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to serve the purpose. Levine and Cole 41 obtained three products from 
the ozonization of o-xylene, namely, glyoxal, methylglyoxal, and diacetyL 
Neither form of the xylene could yield all three oxidation products, and 
hence it was concluded that the hydrocarbon consists of an equilibrium 
mixture of the two Kekul<5 forms. This important observation has been 
repeated and fully confirmed by Wibaut and Haayman,* 2 who isolated the 
three carbonyl compounds as the oximes in total yield of 20 per cent and 
in the ratio calculated for a mixture of equal parts of the two Kekuld 
forms. 

Mills and Nixon 43 were led to suspect that the attachment of an 
alicyclic fivc-membered ring may result in a stabilization of one of the 
Kekute forms, or a fixation of the bond structure in the benzenoid nu¬ 



cleus. According to the van’t Hoff model, the free bonds in the system 
>C=C< of ail aliphatic compound lie in a plane, and the angle a 
between each pair of single bonds is the same as that between the carbon 
valences of methane (109.5°). The angle 0 which the single bonds make 
with the plane of the double bond is then -J(360°-109.5°) = 125.25° 
(see Fig. 2a). The angles 0 and y are in this case identical and they are 



Fio. 2 a 



considerably greater than the angle a. When the double bond becomes in¬ 
corporated into a Kekuld* ring (Fig. 26) the situation is altered slightly, for 
the internal angle y is reduced from 125.25° to 120° to accommodate ring 
formation and a + 0 consequently is increased by 5.25°. W hether this 

41 Levine and Cole. J. Am. Chcm. Sac., 54. 33S (1932). 

42 Wibaut sind Haaymnn. Salute, 144. 290 (1939); Science. 94. 49 (1941). 

Mills sind Nixon. J. Chcm. Soc.. 2510 (1930). 
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increment is considered to increase one or the other external angle, or 
to be distributed proportionately between them, (3 will remain appreci¬ 
ably larger than a. The conclusion is reached that the external valences 
in the Kekul6 ring are not directed toward the center of the hexagon but 
are inclined at a greater angle from the double bonds of the ring than 
from the single bonds. Mills and Nixon reasoned further that a fivc- 
membered ring can be fused to the KekuM structure with little distortion 
of the normal tetrahedral angles if it is attached to ortho carbon atoms 
joined by a single bond (position x, Fig. 26), for two of the smaller a 
angles are then incorporated in the new ring. If, however, the attach¬ 
ment were made to doubly bound carbon atoms (y), the new ring includ¬ 
ing the (3 angles would be under considerable strain. In consequence of 
these relationships, the Kekuld form of hydrindene in which the carbon 
atoms common to the two rings arc joined by a single bond should be 
more free from strain, or more stable, than the alternate form in which 


there is a double linkage between the rings. 

As a means of testing this prediction of the stereochemical theory 
Mills and Nixon investigated the diazo coupling and the bronnnation of 
5-hydroxyhydrindenc, the two Kekult forms of which arc shown in 
formulas Via and VI6. The coupling reaction of phenols is closely related 
to the coupling of aliphatic ends with diazotized amines and it is rea¬ 
sonable to suppose that in each case the reaction involves »n enol.c 
double bond, —C(OH)=CH—. Similarly, the ready bronnnations of 
phenols and enols appear to be related phenomena and the processes 
very probably take place by analogous mechanisms. Without making 

-nr, . CHj HO. ^ 


any specific assumptions regarding the manner in winch the enol.c double 
bond participates in these reactions, it can be inferred that the ortho 
coupling and ortho brominatioi. of phenols involve substitution at lie 
carbon atom connected to that carrying the hydroxyl group by a double 
linkage, rather than at the alternate ortho position. If the bonds of 
5-hydroxyhydrindene arc fixed in the positions shown in Via, coupling 
and brominatioi. should occur at the colic ortho position 0, while the 
alternate form of the compound, VI6, should be substituted at position 
4. Mills and Nixon found that the substance us attacked very largely 
in the 6-position (arrow), and this seemed to bear out the theoretical 
deductions. The observation, however, loses some of its significance 
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because of the fact that as-o-x ylenol (VII) yields similar substitution 
products, for this might mean that the chemical effect of the alicyclic 
ring is sufficient, without assistance from a steric factor, to direct sub¬ 
stitution largely into one of the two available ortho positions. On the 



other hand, the contrasting behavior of 6-hydroxytetralin (VIII) was 
considered by Mills and Nixon to support the alternative interpretation. 

A preferential reaction at one of two available ortho positions may 
be the result of an only moderate preponderance of one of the tautomeric 
Kekute forms, or of a slight difference in reactivity between them, and 
docs not necessarily indicate a rigid fixation of the bond structure. A 
test calculated to detect any fixation of a major character was applied by 
Fieser and Lothrop 44 and, more extensively, by Lothrop. 45 Diazo coup¬ 
ling tests were made with 5 -hydroxy- 6 -methylhydrindene, IX, in which 
the 6-position is blocked and only the alternate ortho position 4 is 
available, and of the derivative X in which this situation is reversed. 



Both compounds were found capable of forming azo derivatives, and in a 
weakly alkaline medium coupling with diazotized p-nitroaniline occurs 
in each case to about the same extent as observed with 2,4-dimethyl- 
phcnol. The only difference noted between IX and X is that the coupling 
of the former is inhibited by strong alkali somewhat more effectively 
than is the coupling of the latter compound, or of 0-naphthol. Alkyl 
derivatives f 6-hydroxytetralin similarly showed no fixation of one or 
the other I - .nd structure. The introduction of a blocking methyl group 
;;t the 7-p< ation (XI) does not interfere with coupling at position 5, and 
the 5-substituted derivative XII is attacked readily at the free position 
Lothrop found further that the allyl ethers of the hydroxyhydrindenes 
i X and X undergo the Claisen rearrangement to o-allylphenols without 

<» Fieser ami I.othrop. J. Am. t hem. Soc.. 68. 2050 (193G); 69. 045 (1937). 

• Ixjthrop. ibid.. 62. 132 (1940). 
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difficulty. Parallel observations were made in the fluorene series. 48 The 
results indicate that if any bond fixation exists among hydrindcne and 
tetralin derivatives it can be at most of a qualitative nature and is not 
comparable with that characteristic of naphthalene (see below). 



Various observations do indeed indicate that a certain qualitative 
differentiation exists between the two Kekuld forms of hydrindcne, with 
respect to stability or abundance, and that this is in the direction pre¬ 
dicted by Mills and Nixon. Sidgwick and Springall 41 approached the 
problem by studying the dipole moments (p. 1752) of suitable ^d.bromo 
substituted compounds. The moment of the group Br—C C Br in 
6,7-dibromotetralin (XIII) was found to l>c 2.13, and this corresponds ex¬ 
actly with the result obtained for the similarly constituted dibromo-o- 
xylcne and agrees well with the value calculated on the assumption 
that there is no bond fixation (2.12). For the hydrindcne derivative 



XIV, on the other hand, the observed moment of 1.78 indicates an 
essential difference in structure and is close to that calculated on the 
basis of the Mills-Nixon hypothesis that the angle between the ortho 
linkages extending to the bromine atoms is abnormally large. Studies 
of competition react ions 48 and of relative reactivities 48 of hydrindcne 
derivatives point in the same direction. The use of derivatives of 
the hydrocarbon for the investigation of bond str.ictu.-e introduces 
some element of uncertainty because of the possibility that the sub¬ 
stituent may tend to stabilise one of the KckullS forms. Long and 


1532 


" Sklgwlclc ..'.d' .1 tnJu* 'V. 470 ( 1930 ); J. Chem. 

(1930). 

41 Lindner and co-workers. MonaUh.. 72. 3M. 355. 301 (1939). 

41 Baker. J. Chem . .St*.. 470 (1937); Md^ish and Campbell. «W.. 1 103 (1937). Snndiu 
and Evan*. J. Am. Chem. Sue.. 61 . 2910 (1939). 
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Fieser 60 found application of the diagnostic ozonization method to hy- 
drindene to be complicated by the oxidation of a considerable amount of 
the hydrocarbon to a-hydrindone. From the part of the material which 
underwent normal ozonization, the only cleavage fragments isolated 
were those arising from the Kekute form postulated by Mills and Nixon 
to have preferential stability. Under the conditions of the experiment 
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cyclopentancdione-1,2 is converted, probably through the enol, into 

succinic acid. . 

The observations as a whole show that, although there is no rigid 
fixation of bonds in the hydrindene system, a definite preference exists 


for one structure. 

Other instances of a preferential stabilization of one Kekull form are 
reported by Baker. From a study of various o-hydroxy-acetophenones, 
this investigator 61 came to the conclusion that the formation of a six- 
membered chelate ring (p. 1868) containing coordinate^ linked hydro¬ 
gen, as shown in formula XV, is dependent upon the presence of a double 
bond between the carbon atoms bearing the hydroxyl and acetyl groups. 



/°\ 
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The conjugation of this double bond with that of the acetyl group appar¬ 
ently stabilizes the coordinate linkage, and if no double bond is available 
at litis position, as in XVI, chelation does not occur. From these con¬ 
siderations it seemed possible that the formation of a chelate ring might 


10 Long and Fieser. J. Am. Chem. Soc.. 62. 2070 (19-10). 
61 ilukcr. J. Chem. Sue.. 1G8-1 (1934). 
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determine the Kekul4 structure to a detectable extent, and in order to 
test this point Baker and Lothian “ investigated the Claisen rearrange¬ 
ment (p. 189) of the 4-allyl ether of resacetophcnone, XVII. In this 
compound, chelation between the hydroxyl and acetyl groups would 
require the presence of a double bond in the 1,2-position, and conse¬ 
quently this would result in a stabilization of the Kekul6 structure shown 
in the formula. The migration of an allyl group from oxygen to carbon 

QCH„CH = CHj OH 

X ■ A CH 5 CH-CH, 


CH-C^ o > CH-^ 0 > 

XVII XVIII 

occurs with aliphatic enols a-s well as with phenols, and no reasonable 
mechanism for the reaction can lx.- devised without assuming the partici¬ 
pation of the double bond: —C(OCH 2 CH—CH 2 )=CH — C(OH) 
= C(CH 2 CH=CH 2 )—. If the bond structure of the resacetophcnone 
ether XVII is fixed as shown, the allyl group should migrate to the 3- 
position to give XVIII, and it was found that this isomer is indeed formed 
in not less than 85 per cent yield. That the course of the rearrangement 
is controlled by the chelation in the molecule was established by the 
results of an experiment with 2-O-me.hyW-O-allylresacetophenone, XIX. 
The replacement of the phenolic hydrogen atom by a methyl group makes 
chelation impossible, and consequently there should be no fixation of a 
KckultS structure. On rearrangement of the ether it was found that the 
allyl group migrates largely to the 5-positio„, giving the usual type of 
symmetrically substituted pr-xluct. The contrasting behavior of the 
free hydroxy compound, XVIII, therefore is o definite -significance. In 
order to gain some idea of the extet.l of the bond fixation in chelated 
compounds, Baker and Lothian investigated the rearrangement of the 


H,CH"=CH. 
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ether XX, in which the migration of the allyl group to the favored 3- 
position is prevented by the presence of a blocking group. The rear- 
M Baker and Lothian, ibid.. 028 (1935;. 
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rangement of the substance proceeded somewhat slowly, but the fact 
that a reaction was observed shows that the bond ^ructure^noten- 
tirely rigid. The unusual ortho substitution observed with XVII, how¬ 
ever shows that chelation can exert an influence in displacing the 
equilibrium between Kckul<5 tautomers, and similar observations were 
made in a study “ of o-hydroxypropiophenones and o-hydroxybenzal- 

dC ^Th?recognition of cases in which differences exist between alternate 
ortho positions in the nucleus Is opposed to the idea that all six of the 
nuclear linkages in the ring are identical. The evidence cited constitutes 
a serious argument against all the many formulations embodying the 
concept of a centric structure. On the other hand, the feature of the 
KckultS formula which originally was considered to be a weakness of this 
theory now appear to provide a means of accounting for phenomena 

which are not otherwise understandable. 

Comparison of Benzene with Conjugated Compounds. Though the 
evidence above favors the Kckuhf theory, there remains for consideration 
the problem of accounting for the inert character of benzene in terms of 
the cyclohcxatricnc formula. The classical objection that this formula 
appears to represent a condition of far greater reactivity than is actually 
observed was based originally on a comparison of benzene with simple 
substances such as ethylene and acetylene, and the differences in the 
nature of the characteristic reactions and in the reactivities are of course 
enormous. It lias become apparent, however, that the double bond 
shows surprising differences in reactivity according to its environment 
(p. G31). An extreme illustration is that, although ethylene adds bromine 
with ease, the double linkage of tetraphenylcthylcne remains unattacked 
while bromine atoms enter the four phenyl groups." 

(C,m)jC—C(C.H.), + 4Br, — (C.H,Br),C—C(C.H.Br), + 4IIBr 

In this highly substituted ethylenic hydrocarbon the relative reactivity 
of the simple types is reversed, possibly because of the conjugation of 

the double bond with the phenyl groups. . . , 

It is indeed rather with open-chain compounds which arc conjuga e 
that benzene is most properly compared. It may appear odd that the 
double bonds of benzene arc inert to hydrogen bromide whereas this 
reagent adds easily to ethylene, but an entirely sin,dar inertness is 
exhibited bv diphenylbutadiene, C 6 H S CH=CHCH-CHC„H S . \ ar.ous 
conditions of reaction have been tried, but under no circumstances has 


” linker and Lothian, ibid.. 274 (103(11. 

m Biltz, Ann.. 296. 231 (1897); Bauer. Bit.. 37. 3321 (1904). 
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an addition of hydrogen bromide to this hydrocarbon been observed “ 
In a study of the properties and transformation products of the a-mtro 
derivative of diphenylbutadiene, Wieland and Stenzl “ observed further 
indications of the relatively saturated character of the conjugated sys¬ 
tem of the compound and of the marked tendency of dihydro derivatives 
to revert to the more stable diene type. The substance may be said to 
possess definite “aromatic” characteristics. 

Still more illuminating is the comparison afforded by the work of 
Kuhn and Winterstein 67 on the series of diphenylpolyenes of the general 
formula C 6 H 5 (CH=CH)„C 6 H 5 . One of the most striking observations 
recorded is that these polyenes are all unusually resistant to oxidation 
by permanganate and that the most stable member of the series is 
diphenylhexatriene (I). The hydrocarbon is attacked hardly at all by 
permanganate in soda solution, and in acetone the tnene is oxidized 
more slowly than diphenylcthylene, diphenylbutadiene, or even diphcnyl- 
octatetraene. The difference in reactivity is by no means as great le¬ 
thal between benzene and cyclooctatetraene, but the results indicate 
that probably the length of the conjugated system is a factor of 
importance. Diphenylhexatriene also resembles benzene in the stability 



CH—CHCH—CHCH—CH 



of the unsaturated system in comparison with the dihydride structure. 
The dibromidc is not a stable substance but readily reverts to the Hum 
type by the lq,ss of bromine. On hydrogenation in the presence of palla¬ 
dium charcoal, the trienc system is completely reduced and, as in ben¬ 
zene, intermediate di- and tetra-hydrides appear to be more easily 
reduced than the starting material, for they are not presen in u • 
turns obtained on partial hydrogenation. Using platinum oxn e 
a suitable solvent it is possible to hydrogenate also the phenyl K ro I' 
at the ends of the chain. The rings are attacked somewhat less readily 
than the chain, but the difference is not great. 

With the use of aluminum amalgam the diphenylpo }<*n< * ca 
converted into dihydro compounds, the addition of hydrogen otU, |'J 
at the ends of the open-chain conjugated system. DiphenyHnxa 
(I), for example, yields dibenzylbutadicne, II. The . .hydro dentrtnw 
such as II are highly reactive, easily polymerized substances ai 
lack entirely the peculiar stability, or near-aromatic character, o 

H HinrichMn, Ann.. 336. 180 (1004); Zincko and MOIllhauaen. II-'. 38. •'■>! 11 

14 Wieland and Stenzl. ,lnn.. 360. 300 (I90K). 

M Kuhn and Winterstein. Ilrlv. Chim. Ado. II. 87 (192*1. 
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more highly unsaturated compounds. The marked change in properties 
attending the reduction seems to be attributable to the fact that the 
addition of hydrogen breaks the conjugation of the original polyene 
system with the unsaturated centers in the terminal aromatic rings. 


^ ^—CH*CH=CHCH=CHCH 




The new polyene system established in a dihydro derivative is separated 
from these rings by methylene groups and consequently occupies an 
isolated position in the chain. It is apparent that an open-chain polyene 
system attains maximum stability when it is conjugated with phenyl 
groups at the ends of the chain. It is but a step further to the more 
perfect conjugation of benzene, where the hcxatricne system ends in 
itself. The special character of the aromatic ring perhaps is due largely 
to a type of conjugation which by its nature cannot be reproduced ex¬ 
actly among open-chain compounds. 

In the aliphatic series, conjugation of a carbonyl group with an ethyl- 
enic linkage or a diene system often promotes, or appears to promote, 
reactions at these centers. Muconic acid, for example, is easily reduced 
by sodium amalgam and alcohol to the dihydridc (1). Whether or not 
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the reaction proceeds through a primary addition to the carbonyl groups, 
it finds an exact parallel, at least on the baris of the Kekul6 formula, in 
the reduction of terephthalic acid by the same method (2). Another 
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example is in the forced Grignard reactions discovered by Gilman and 
by Kohler (p. 506), where a phenyl group conjugated with an unsatu¬ 
rated side chain participates in a 1,4-addition. 

An interesting comparison of another sort is that- l-phenyl-4-amino- 
butadiene, C 6 H 5 CH=CHCH=CHNH 2 , was found by Muskat i8 to re¬ 
semble aniline in being stable in the amino, rather than the imino, form. 
Attempts to prepare eneamines, >C=C(NH 2 )—, ordinarily yield 
instead the corresponding ketimines, >CHC(=NH) . The same 
worker 69 found that bromine adds to the terminal bond of vinylacryhc 
acid and that the product easily loses hydrogen bromide to give the 
3-bromo derivative (3). The series of reactions forms an interesting 
parallel to meta substitution in the benzene ring, as in the conversion 
of benzoic acid to the m-bromo derivative. 

There is ample evidence that aromatic substances resemble open- 
chain conjugated compounds in many ways, and the objection that the 
Kekute formula does not adequately represent the inert character of the 
ring largely vanishes when comparison is made with suitably constituted 
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compounds. Further exploration of open conjugated systems is highly 
desirable, for this may be expected to afford a further insight into the 

nature of the closed systems. . 

The Structure of Naphthalene. Much of the literature* pertaining 
to the structure of naphthalene bears the imprint of a theoretical con¬ 
cept introduced by Bamberger w in summarizing the results of his 
classical studies of the reduction of naphthalene derivatives. Bamberger 
had found that naphthalene can be reduced easily to tetrahn (1) by 
means of sodium and boiling amyl alcohol, and that the reaction stops 
with the introduction of four atoms of hydrogen. Under similar condi¬ 
tions a-naphthol is attacked almost entirely in the unsubstituted ring, 

M Muskat und Grimslcy. J . Am. Chcm. Sac.. 66. 3762 (1933). 

•• Muskat and co-workers, ibid.. 62. 320. 812 (1930). 

*° Bamberger. Ann., 257. 1 (1890). 
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giving ar-a-tetralol (II), while 0-naphthol yields chiefly ac-0 -tetralol 
(III), a product of the alternate type. Because compounds of the 
naphthalene series can be reduced by reagents which leave an isolated 
benzene ring untouched, Bamberger regarded naphthalene as endowed 
with special properties which place it in a class distinct from benzene. 
He called attention to the peculiar character of the naphthols, which, 
in contrast to phenol, yield ethers on reaction with an alcohol and a 



OH 




mineral acid. Such special properties vanish on partial hydrogenation, 
according to Bamberger, for the unsaturated ring of tetralin resists 
further reduction with sodium and therefore is truly benzenoid, and 
ar-a -tetralol (II) forms no ethers by the method indicated and is a true 
phenol. The ring of naphthalene which is susceptible to reduction Is 
not aromatic, so the argument runs, and, since both rings appear to be 
identical, naphthalene contains no truly benzenoid, or aromatic, rings. 
Bamberger concluded that naphthalene is fundamentally different from 
benzene and must be assigned some special formula. 

The argument appears fallacious because it confuses differences in 
degree with differences in kind. The differences cited are merely mani¬ 
festations of a greater reactivity of the naphthalene system as compared 
with the isolated benzene nucleus. There is considerable variation in 
reactivity in the benzene series itself, and the line of demarcation is not 
as sharp as was at one time supposed. Though the formation of ethers 
under the conditions of the Fischer esterification reaction is in general 
characteristic of naphthols and not of phenols, the presence of activating 
groups may render a compound of the benzene series capable of entering 
into the reaction. This is true, for example, with phloroglucinol. 61 An¬ 
other supposedly special property is that a- and 0-naphthylamine couple 
directly with diazonium salts to give aminoazo compounds, whereas 
primary amines of the benzene scries usually give diazoamino compounds 
in the initial reaction and yield azo derivatives only by the subsequent 
rearrangement of the product. In a discussion of the coupling reaction 
given later in this chapter, reference will l>e made to the observation that 
direct coupling may be achieved also in the benzene series by selecting 

41 Will and Albrecht. Her., 17. 210G (1SS4); YVoidcl and Poliak. MonaUh., 21. 22 (1900) 
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suitable conditions or by using sufficiently reactive components, and it is 
clear that no fundamental difference is involved. The only significance to 
be attached to these and other interesting comparisons is that the 
unsaturated system of naphthalene is more reactive, more susceptible to 
attack, than that of benzene. Naphthalene is characterized by a gen¬ 
erally greater susceptibility to oxidation, reduction, and substitution, 
particularly in the a-position, but there is no more justification for 
attempting to represent these facts by means of a special formulation 
than there would be for a particularly reactive benzene homolog. The 
fact that the carbonyl group of a ketone is more reactive than that of an 
ester is not a sufficient reason for supposing that the kind of unsaturation 

is different in the two compounds. . 

Bamberger even went so far as to use different formulations for a- 
and 0 -naphthol because of the different direction of the reduction ... the 
two cases! but further hydrogenation studies have eliminated any experi¬ 
mental basis for such a hypothesis. By the selection of suitable cataljsU 
( 3 -naphthol can be tetrahydrogenated in either nng.‘- The course ol 
the catalytic hydrogenation of the hydrocarbon itself can be summarized 
L th^fonowing statements. With nickel catalysts naphtha^ is con; 
verted first into tetralin and then, more slowly, ...to decal... Platinum 
catalysts usually give similar results, but Willstattcr found that, with 
one particular t^ of catalyst containing very little oxygen, decahn was 
produced directly from naphthalene without thc interm^.ate fonnat.on 
of tetralin Zelinsky « found, conversely, that decal... on partial dch> 
dL .nation at 300 ° yielded naphthalene and unchanged decahn, but no 
tetralin To the extent that such reactions can be relied upon, they 
afford some indication that naphthalene has “ fiS even 

contributed greatly to the solution of the problem. Attempts hat c b e . 
made.to deduce the 

tes of vanous physical properties 01 „l»- 

i i r »• m moment!*. 0 ' — dissociation constants, ai> 

molecular refractions , 64 dipole momeiu , 

41 HQckel, Ann.. 451 109 (1920K WUUtatU-r and Soil,. lire.. 56. 1388 

•* Willatutler and Halt. Iftr.. 45. 1480 
„ (1923). 

44 Zelinsky, Dcr.. 66. 1723 (1923). (|033) 

“ Pttulin * * nd Wholand. J. *' kem ' U £ a ' (1921) ; y. Auwera and KrollpfcifTcr. Ann. 
M v. Auwcra and Frtthlmg. Ann.. 422. 

430,243 (1923). . _ .. m« 3 01 

- HtinjMon and Wotatwf. * *** 

M Bcrginann and Hirshbcrg. Aid.. 331 (**»>• 
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sorption spectra , 69 and Raman and infrared spectra , 70 but the results have 
not been decisive. 

A chemical criterion of the structure was recognized by Marckwald 71 
in 1893. Marckwald called attention to the marked difference between 
the two positions ortho to the functional group of 0 -naphthol or 0 -naph- 
thylamine, and he observed that the symmetrical Kekute formula for 
naphthalene suggested by Erlenmeycr (1866) provides a rational inter¬ 
pretation of the difference. As applied to 0-naphthol, this formula (IV) 
qjj indicates that the ortho carbon atom at position 1 
/ is joined by a double bond to the atom carrying 
the functional group, while the connection between 
s the alternate ortho position 3 and position 2 is by 

means of a single linkage. One ortho carbon atom 
is part of an enolic unit, while the other is not, and, if the bonds are 
immobile, the difference in the functions of the two ortho positions is 
easily understandable. Many facts have accumulated in support of the 
view that there is a double bond at the 1 , 2 -position and a single bond 
at C 2 -C 3 . 

One line of evidence is from the coupling reaction, or rather from its 
failure in certain specific cases. 0-Naphthol couples at position 1, but 
if this position is blocked by a stable group (alkyl), as in V, no coupling 
with diazotizcd amines occurs. A less stable group (carboxyl, halogen) 
at the 1 -position is displaced by the reagent, and in no case is the other 
ortho position attacked. The failure of V to react cannot be ascribed 

CH, 

/° H 

(not attacked) 

v vi 






to the known low r degree of reactivity of the 0 -positions of naphthalene 
in comparison with the a-positions, for 4-methyl-1-naphthol (VI) couples 
easily in the 0-position, C 2 . It is not merely a difference in the degree 
of reactivity which is involved, but a difference in kind, and the only 


CHiCH=CH, 



•* do Laszlo, J. Am. C/icm. Sue.. 60. S92 (192S). 

70 Kohlrausch. Her.. 68. S93 (1935). 

71 Marckwald. Ann., 274. 331 (1893); 279. 1 (1894). 
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plausible explanation is that the double bond required in some way for 
the coupling is available at one position and not at the other. The 
conversion of 0 -naphthyl allyl ether into l-allyl- 2 -naphthol by the 
Claisen reaction (1) represents a substitution by way of an intramolecular 
rearrangement (p. 189), and it conforms to the same rules. An alkyl 
substituent at the 1 position effectively prevents the rearrangement . 72 
If the reaction is considered to consist in an a,y shift, it may be said that 
the failure of a 1 -substituted ether to rearrange shows that the carbon 
atom at position 3 cannot form the end of an a,y system, and hence that 
the double bond is incapable of migrating to the 2,3-position, even at the 
boiling point of the ether. The Skraup reaction, which may involve still 
another type of substitution, formed the central point in Marckwald s *' 
discussion of the problem. The pyridine ring produced in the Skraup 
reaction of 0 -naphthylamine with glycerol, sulfuric acid, and an oxidizing 



agent (2), extends to position 1 and not 3, and Marckwald found that in 
similarly constituted compounds a methyl group at position 1 prevents 
the reaction while a bron*ine atom may be displaced. Apparently there 
is a general disposition for cyclization to occur in such a way that the new 
ring includes a double bond of the original ring system, although tries 
has noted that this is not an invariable rule, for l-chloro- 2 -naphthylamine 
yields a considerable amount of the linear tricyclic compound in which 

the chlorine atom is intact. , . , 

Further evidence of a fixed bond structure in at least a part of the 
naphthalene molecule is furnished by reactions involving the replace¬ 
ment or modification of a functional group rather than a nuclear substi¬ 
tution. An interesting ease is the etherification of naphthols with an 
alcohol, using an acid catalyst (3)." * Davis» found that the etherifica¬ 
tion is almost completely stopped by a halogen atom or a nitro group 
in the 1-position, and Fiescr and Lothrop 7 ‘ observed that alkyl groups 
in this position also strongly inhibit the reaction. It was found that the 
effect of substitution at the alternate ortho position 3 is of an entirely 


n Claisen, Bcr., 45. 3157 (1912). 
u Fries, Ann., 616, 285. footnote (1935). 

74 Liebcrmann and Hagen. Bcr.. 16. 1427 (1882). 13 

•The convention of naphthob into dim.pl.thyl ether*, observed by Grnebe. H,r.. 13 
1849 (1880). probably is a modification of the same reaction. 
n Davis. J. Chan. Soc.. 77. 33 (1900). 

" Fiescr and Ixjthrop. J. Am. Chan. Soc.. 67. 1459 (1935). 
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different nature. An alkyl group at C 3 actually promotes the etherifica¬ 
tion reaction, and the influence is about the same when the alkyl group 
is located at position 6 in the adjoining nucleus. A bromine atom im¬ 
pedes the reaction to some extent when it occupies either the 3- or the 6 - 
position. The influence of a substituent at C 3 therefore appears to be of 
a chemical, and not of a stereochemical, nature. The proximity in space 



of the substituent to the hydroxyl group evidently is not a factor of im¬ 
portance. An apparently related observation Ls that p-nitrophenol fails 
completely to react under conditions sufficient for accomplishing a partial 
etherification of phenol itself . 77 From the limited information available, 
it appears that groups which facilitate ordinary aromatic substitutions 
promote the etherification when located at certain positions other than 
Ci, whereas groups which retard aromatic substitutions (m-dirccting 
groups and halogen atoms) have the opposite effect. Substituents of both 
types, however, effectively block the etherification when located at 
position 1. It may be inferred that this blocking is not ordinary steric 
hindrance, for it occurs only when the group fli question is situated at 
one of the two ortho positions. That one of these positions has double¬ 
bond characteristics which the other lacks seems to provide an adequate 
basis for interpreting the difference. A mechanistic explanation of the 
etherification reaction was suggested by Henry 78 and extended by \\ eg- 
schcidcr , 77 who supposed that an intermediate addition product is formed 


VII + CHjOll 


<»!C1> 
-> 


H II 



IX 


VIII d- II 2 0 (I) 


and subsequently loses water (1). If alcohol indeed adds to the 1,2- 
doublc bond, the blocking effect of a substituent attached to this linkage 
at the 1 -position would be understandable. 

While formula IX represents an intermediate which is purely hypo¬ 
thetical, Buchercr 19 isolated an addition product from 0 -naphthol and 

77 Wcgpcheiclcr, Monalxh.. 16. 73 (1895): 18. G29 (1897). 

7 " Henry. Bcr., 10. 2041 (1877). 

71 Buchercr. J . prakl. Chcm., 69. 49 (1901). 
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sodium bisulfite which Yorozhtzov » regarded as having an analogous 
structure, X. The substance may be an intermediate in the animation 



OH 



+ HOSOjXa 


of 0-naphthol with bisulfite and ammonia (Bucherer reaction), and it i> 
possible that the conversion of 0 -naphthol into 0 -naphthylam.nc with 
ammonia alone involves a similar addition. Here, an alkyl group at he 
1-position should inhibit the reaction. Yorozhtzov has pointed out that 
the failure of phenol to react with ammonia in the manner of the nap 
thols Is merely because the mononuclear compound does not possess the 
requisite reactivity. Animation can be accomplished with the moic ic- 

.h, I-* bond, or naphthalene *. no, 
free to migrate is furnished by the extensive series of investigations initi¬ 
ated by Th. Zinckc and extended by Tries on the halogenation of 
naphthols and naphthylamines. A p-alkyl phenol with 
positions is halogenated first at one of these positions andIt 1 *n a u 
other. If the first reaction in some way involves an enohe doub'e bond 
it is evident that the second substitution is preceded by the ngrat oni of 
the double bonds in such a way .as to provide an eno .e 
for this reaction In contrast to this behavior, l-chloro-2-naphthol doc> 
not form a 1 , 3 -dihalo derivative but yields instead the ^tohalogemde 
XII." « Zincke interpreted the reaction as involving an addition to the 
1 , 2 -double bond, and, if this interpretation is correct, it may be said that 



Oil 


Cl cl 

\/ 


o 


+ C b 


00 

XII 


+ HC'l 


the halogen molecule, finding no such linkage at C 2 -C 3 , adds this man¬ 
ner even though a Hocking substituent is present. F ries " has noted hat 
the velocity of addition to -CC1=C(0H)- probably is less an to 
_fVOTTi==f'H were the latter system available. 1 lie o\ trail uat- 


■C(OII)=CH—, were 

M Vorozhtsov. Bull. toe. rhim.. (4) 35. 990 (1924). 
" '^ncko. Her.. 21. 3378 .3540 <»***>• 

“ Fries and Schimmelachmidt. Ann.. 484. -45 
•* Fries, Ann.. 464. 121 (1927). 
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tion represents an equilibrium process, for Fries and Schimmelschmidt ® 
found that the transformation pictured in the formulas can be reversed 
by the action of hydrogen chloride and a halogen acceptor. 

Many other ketones of analogous structure have been isolated and 
thoroughly characterized. The methylketochloride XIII is obtained M 



by the chlorination of l-methyl-2-naphthol, while the nitro ketones 
XIV and XV result from the action of nitric acid on the 1-substituted 
naphthols. 84 The ketonitro bromide XV is converted smoothly into 
/3-naphthoquinone when a solution of the substance in benzene is warmed 
gently. 86 An interesting member of the series is the mixed halogenidc 
XVI, which has been prepared from both 1-bromo- and l-chloro-2- 


C1 Br 



XVI 


naphthol. 8 - That the same compound results in each case eliminates the 
possibility that one of the halogen atoms is attached to oxygen. 1 he 
hypohalitc formulation for the type of compound under discussion is ex¬ 
cluded by an abundance of other evidence, for example that furnished by 
Zincke's 87 exhaustive study of the further halogcnation and alkaline 
cleavage of the keto dichloride XII. On treating the mixed halogenidc 
XVI with zinc and acetic acid to effect reversion to an aromatic structure, 
the more reactive bromine atom is eliminated in preference to chlorine. 
Among other extensions of the abundant experimental evidence in this 
field which points to a fixation of the bond structure of naphthalene is the 
further study of the homo- and heteronuclear halogcnation of 0-naphthol 
conducted by Fries and Schimmelschmidt. 82, ” 

The kctonic substance XIX represents the product of a different type 
of reaction and belongs to the 1,4- rather than the 1,2-dihydronapthalene 

84 Fries nnd Ilempclinann, Her., 41. 2014 (19QS). 

84 Fries nnd HObner. Bit., 39, 435 (1900). 

88 Fries, Ann., 389. 315 (1912). 

87 Zincke, Bcr., 21. 337S. 3540 (1SSS). 

88 Sec also Bell, J. Chcm. Sue.. 2732 (1932). 
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series. The compound was isolated 89 as a by-product of the synthesis 
of vitamin K, hydroquinone (XVIII), from methvlnaphthohydroqui- 
none and phytol in the presence of oxalic acid. The by-product evidently 
arises from some form of addition of the reactive 0 , 7 -unsatu rated alcohol 

OH 

Phytol 

ch 3 

OH 

XVII 

to the 1 , 2 -bond of the starting material, and the formation of the normal 
product XVIII may be the result of an addition at the 3,4-position. 

A different method of probing for centers of unsaturation which 
involves no disturbance of these center* was developed by Mills and 
Smith . 90 The location of the >C-N- bond of the isoquinolinc nucleus 





ocr ax, 


XXI 


XXII 


was established by noting its activating influence on a methyl group at 
Ci, and the absence of such an influence on a methyl group at C 3 . 1- 
Methylisoquinoline (XX) condenses with bcnzaldehydc and other re¬ 
agents, while the 3-isomer (XXI) is incapable of entering into such reac¬ 
tions. The activity of the methyl group of qumaldine (XXII) likewise 
can be attributed to the presence of a C : N linkage in the position 
shown.*' The observations indicate that quinoline and isoqumohne are 

analogous in structure to naphthalene. 

The extensive and varied evidence leaves little ground for quest ...mug 
the conclusion that the two ortho positions of 0 -naphthol ddTcr in kind. 
The only rational interpretation that has been given of tins striking fact 
is that the double and single bonds in a KekuliS ring arc fixed in the 

a,0- and /3,0-positions, respectively. 

The establishment of the positions of the unsaturated centers in one 
part of the naphthalene molecule does not settle the problem o the 
complete bond structure. The facts cited may be explained on the basis 


'• Tishler, Fieoer. and Wend.or, 7. -W 62 ' 1982 

M Mills and Smith. J. t hem. Soc.. 121. -'7J4 (10—>- 
** Hcnrich. Bcr., 32, 008 (1800*. 
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of either the symmetrical formula used above or the unsymmetrical 
structure XXIIIa, although in the latter case some additional assump¬ 
tion would be required regarding the failure of the substance to exist in 
the alternate unsymmetrical form XXIII6. Fieser and Lothrop 46 ex- 



XXIII* XXII It 


tended to 2,6- or 2,7-dihydroxynaphthalcnc methods of investigation 
employed in the case of 0-naphthol. If 2,7-dihydroxynaphthalene has 
the fixed symmetrical structure XXIV, it should be attacked by substi¬ 
tuting agents at the two cnolic ortho positions 1 and 8, but if it has the 



XXIV XXV 


unsymmetrical structure XXV the disubstitution should occur at the 1- 
and 6-positions. Actually, coupling occurs at the 1- and 8-positions,® 2 but 
one might reconcile the observation with the unsymmetrical formula XXV 
by supposing that the first substituent enters at Ci and that the bonds 
then shift to the alternate unsymmetrical arrangement and provide an 
enolic group at C 7 -C 8 for the entrance of the next azo group. The same 
interpretation might be given of the observation that 2,7-dihydroxy- 
naphthalenc is converted into a dimethyl ether on treatment with 
methanol and an acid catalyst, although on face value this result seems 
to favor a symmetrical formulation.** In order to settle the matter un¬ 
equivocally, Fieser and Lothrop investigated various 1,8-dialkyl deriv¬ 
atives of 2,7-dihydroxynaphthalene. If such a compound has the 
symmetrical structure XXVI, it should be incapable of ortho substitu¬ 
tions in the free positions 3 and 6, but if it exists in the form XXVII, or 
if it can tautomerizc to this form having an available enolic ortho position 
at Co, monosubstitution should be possible. Compounds of this type, as 
well as various l,5-dialkyl-2,6-dihydroxynaphthalenes, were tested for 
phenolic properties with entirely negative results. They do not couple, 
and their allyl 011101*5 do not rearrange. This evidence indicates that the 
naphthols have the symmetrical structure of the Erlcnmeyer formula and 

97 Ruggli nn<l Courtin, Helv. Chirn. Ada, 15. 110 (1932). 

97 v. Weinberg, Der.. 64, 21GS (1921). 
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that the arrangement of the bonds represents a condition of considera¬ 
ble rigidity. 

R R 



XXVI 


One further piece of chemical evidence which has reference to the 
bond structure as a whole is the failure of 2,3-dihydroxynaphthalene to 
yield a quinone on oxidation. The observation was cited first by 
Marckwald, 71 and in recent years it has been demonstrated both by 
chemical w and electrochemical 94 evidence that this is not due to the lack 
of stability of the hypothetical 2,3-naphthoquinone, for it is never pro¬ 
duced, but rather to the formation as a primary oxidation product of a 
univalent-oxygen free radical. The two hydroxyls function independ¬ 
ently and not, as when the carbon atoms holding such groups are 
connected by means of a double bond, as a unit. The compound does 



xxvin 


not appear capable of existing in the unsymmetrical form (XXVIII) 
having an cnediol grouping. Fries and Bestian" have found 4,5-divi- 
nylcatcchol to be similarly resistant to quinone formation, an observation 
which they interpret as indicating bond fixation approaching that of the 
naphthalene derivative. 

The evidence cited indicates that naphthalene has the symmetrical 
structure and differs from benzene in having a more rigid and a more 
reactive conjugated system of linkages. The reason for these differences 
is a separate problem. A simple and plausible solution has been sug¬ 
gested by Fries." Naphthalene, he considers, has little tendency to exist 
in the unsymmetrical form because one of the rings would then have to 
depart from the aromatic condition and acquire the bond structure of the 
highly reactive o-benzoquinone, or the character of the thermodynami¬ 
cally unstable 1 , 2 -dihydrobcnzenc. The resistance to the acquisition of 
quinonoid or dihydride characteristics accounts for the lack of stability ol 

•* Fries und Schimmcischmult. Srr., 65. 1502 (1932). 

M Fiescr. J. Am. C'hrm. So C.. 62. 5219 119301. 

H Fries and Bcslian. Ann., 533. 72 (1937). 
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this structure. In the Erlenmeyer formula neither ring is perhaps an 
entirely true benzenoid nucleus because the central bond is shared be¬ 
tween the two rings and conjugated in different directions, but each 
approaches as nearly as possible the stable condition of an isolated ben- 

0D 

Unstable 

zene ring. The tendency to approach this condition, which appears to 
be the most important feature characteristic of the aromatic state, 
results, in the case of naphthalene, in the suppression of oscillation.® 7 

The factor recognized by Fries as determining the bond structure of 
naphthalene is operative as well in other polynuclear aromatic com¬ 
pounds, and it wall be convenient to refer to the important generalization 
in the discussions which follow as the Fries rule. This rule states that 
each aromatic ring of a polynuclear compound tends to assume the bond 
structure which most nearly approaches the condition of an isolated 
benzene ring. 

The enhanced reactivity or unsaturation of naphthalene, as compared 
with benzene, is manifested particularly in the a-positions of the mole¬ 
cule. The greater susceptibility to attack is indicated by the occurrence 
of reactions under conditions such that benzene remains largely unal¬ 
tered. Naphthalene, for example, can be oxidized to 1,4-naphthoquinone 
in appreciable j'ield (16 per cent),®* and it is converted into 1,4-dihydro- 
naphthalenc by the.* action of sodium and alcohol.®® The point is dem¬ 
onstrated further in competitive reactions, for example, by the observa¬ 
tion 100 that the condensation of naphthalene with phthalic anhydride 
can be conducted in benzene solution with no appreciable contamination 
of the naphthoylbcnzoic acid with benzoj'lbenzoic acid. In these rcac- 
. ons, as in most substitutions, the a-positions are attacked preferenti¬ 
ally. Fries 97 expressed the view that the restriction to the migration 
of the bonds is directly responsible for the increased case of reaction. 
The double bond shared between the rings, he notes, is subject to valence 
claim from two directions, and an equalization of valence in the two 
rings cannot be attained as fully as in an isolated benzenoid ring. In 
consequence, the two nuclei are less aromatic and more unsaturated than 
true benzene rings. 

97 Fries, Waller, and Schilling. Ann., 516. 24S (1935). 

M Plimpton. J. Chcm. Soc., 37. G34 (1SS0); Japp and Miller, ibid., 39, 220 (1SS1). 

89 Bamberger and Lodtcr, Btr., 26. 1833 (1893); Straus and Lemmcl, Bit., 46, 232 
(E913). 

J® 0 Heller and Schlllkc, Bcr., 41. 3G33 (190S). 
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The mere proximity of the a-position in one nucleus, but not the 
0-position, to an adjoining aromatic ring, may be a factor of some impor¬ 
tance in contributing to the reactivity at this position, and such an 
effect would not necessarily be associated with the bond fixation. It is 
evident from halogenation experiments that in ethylbenzene or tetralin 
the a-position, but not the 0-position, of the side chain or alicyclic ring 
is activated by the unsaturated benzenoid nucleus. Although it is not 
easy to interpret a comparison between saturated and unsaturated side 
rings,some a-activation in the case of naphthalene seems possible. An en¬ 
lightening comparison of strictly additive reactions involving unsaturated 
systems may be made between the reduction of naphthalene with sodium 
and alcohol ” and the reduction of 1,4-diphcnylbutadiene, and of other 
diphenylpolyenes, with aluminum amalgam." In each reduction, hydro¬ 



gen adds to the ends of a conjugated system, as indicated by the arrows, 
and the reaction then stops. 1,4-Dihydronaphthalcne is reducible to 
tetralin by the reagent employed only after rearrangement to the 1,2- 
dihydridc. In the diphenylpolyenes, which in general chemical proper¬ 
ties bear much more than a superficial resemblance to naphthalene, 
the reactive positions arc at the two ends of the conjugated aliphatic 
system terminating in benzene rings. In naphthalene the centers of 
special reactivity are similarly situated, for the conjugated system 
present in ring B is also anchored at the two ends, in this case into the 
same aromatic nucleus (A). The two hydrocarbons appear to be analo¬ 
gous in structure and in their behavior on reduction, and possibly the 
same factors arc involved in determining their properties. 

One further inference concerning naphthalene may be drawn from 
the thermochcmical data pertaining to the hydroearbon and its dihydro 
derivatives. 101 As stated above, naphthalene on reduction is attacked 
at the 1,4-positions, and the reaction is slightly exothermic. The 1,4- 



101 Roth and v. Auweni. Ann., 407. 172 (1915). 
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dihydride is not a very stable compound, for the alicyclic double bond 
occupies an isolated position, and this easily migrates to a more stable 
position conjugated with the unreduced nucleus. The rearrangement 
is attended with the liberation of heat. Stated in another way, the data 
show' that the conversion of 1 , 2 -dihydronaphthalcne into naphthalene 
is an endothermic process. The heat of dehydrogenation is only about 



one-third that required for the establishment of an aliphatic ethylenic 
linkage, but the point of greatest significance is that this aromatization 
requires a fairly considerable input of energy, whereas the aromatization 
of 1,2-dihydrobenzcne is an exothermic reaction (p. 119). Though many 
substituted dihydro derivatives of benzene probably are thermody¬ 
namically unstable with respect to the fully aromatic structures to which 
they can revert, it appears that this is not true in the naphthalene series, 
and consequently a simple explanation is available for the existence of 
dihydronaphthalcne derivatives of typos rarely encountered in the ben¬ 
zene series, and for the frequent occurrence of reactions which seem to 
proceed through an intermediate addition product of dihydride structure. 

The relatively greater stability of 1,2-dihydronaphthalenc, with 
respect to the aromatic structure, than of 1 , 2 -dihydrobenzcne, is easily 
accounted for. The dihydrides have the nuclear bond systems of 0- 
naphthoquinone and of o-benzoquinone, respectively, and an accurate 
measure of the relative stability of the systems is available in the oxido- 
rcduction potentials of the quinoncs. The pertinent data are included in 
Table I, aV .-g with values for the potentials of various quinoncs derived 
from polyntK »r hydrocarbons. That /3-naphthoquinone has a lower 
potential that, -benzoquinone means that it has less tendency to undergo 
reduction, tha its quinonoid ring is more stable and less prone to change 


O 



- - JS.U Cut. 

(U«|. Bolll.) 


more stable than 



— A/"'” - 3«; n Cal. 

(U<|. Solll ) 


to the aromatic condition which it acquires in the hydroquinone. The 
free energies of reduction, calculated from the expression — AF = nFE 0 , 
are appended to the formulas, and it is seen that the fusing of a benzene 
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ring to one of the ethylenic linkages of the mononuclear quinone results 
in a great diminution in the driving force of the reduction, or in a stabili¬ 
zation of the molecule. The result Is easily understood, for an ethylenic 
linkage which in the benzoquinonc is highly unsaturated, and which 
therefore contributes to the reactivity of the quinonoid system as a 
whole, is, in the naphthoquinone, incorporated in a benzenoid ring and 
rendered comparatively inert. 

The same explanation applies to the similarly constituted dihydndes. 
The highly reactive 1 , 2 -dihydrobenzene is stabilized when one of the 
alicyclic double bonds is shared with a benzene ring. The free energy of 
reduction of / 3 -naphthoquinone is 11.0 Cal. less than that of o-bcnzoqui- 


TABLE I 

Reduction Potentials of Quinone* (25*) 


Normal Potential Eo, volts 


Ale. Soln. 


p-Bcnzoquinonc. 

o-Bcnzoquinonc. 

a-Naphthoquinonc. 

^-Naphthoquinone. 

2,0-Naphthoquinone. 

1,4,5,8-Naphthodiquinonc. 

Diphenoquinonc. 

Stilbcncquinonc. 

9.10- Phcnanthrenequinone 

1.4- Phenanthrencquinonc 

1.2- Phenanthrcncquinonc 

3.4- Phenanthrcncquinonc 

9.10- Anthraquinonc. 

1.2- Anthraquinonc. 

1.4- Anthraquinone. 

1.2- Bcnz-9,10-ant hrnquinono 

1.2- Bcnz-3,4-ant hraquinone 
l,2,5,0-Dibenz-9,10-anthraquinone.. 

5,0-ChryBcnequinonc. 

6,12-Chryscnequinonc 



0.715® 

.484 d 

.570* 

.76 (ealed.)' 
(.972)' 

.954® 

.854- 

.400* 

.523* 

.660* 

.621* 

.154* 

.490* 

.401* 

. 228* 

.430* 

.208* 

.405* 

.392* 


1 1030 w'' T ' VI (o^’.i'uuaKydrMMi electrode in arctic acid solution ut 

U030); /catimatcd Irom the iH.tcnt.al rcfcrrc-l ... B 1 3101(1020); h Fiearr 

* Ficacr and Dielx. xbid.. M. 1128 (1031). 
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none, and it is of interest that the heat effect in the aromatization of 1,2- 
dihydronaphthalene by the elimination of two atoms of hydrogen is 15.0 
Cal. less than for the corresponding reaction of 1,2-dihydrobenzenc. 
Considering that the heats of reaction are subject to some uncertainties, 
that the entropies in the dehydrogenations may not be identical, and 
that a comparison is made between reactions occurring in different states, 
the correspondence in the values for the energy changes is about as good 
as could be expected. The degree of aromaticity of a polynuclear hydro¬ 
carbon seems to be determined by the relative stability of the unsatu¬ 
rated structure with respect to its hydro derivatives, and it is a matter of 
considerable importance that accurate information on this point can be 
obtained from oxido-reduction potential data for the corresponding 
quinones. In using such data it is necessary only to make sure that the 
comparison is not invalidated by some disturbing factor. It would not 
be proper, for example, to attempt to predict the relative stabilities of 
1,2- and 1,4-dihydronaphthalene from the relationships between 0- and 
a-naphthoquinonc, because the character of the former compounds is 
dependent in part upon whether the double bond is isolated in the re¬ 
duced ring or conjugated with the benzenoid nucleus, whereas in the 
quinones the corresponding double bond does not in either case occupy 
an isolated position but is conjugated with at least one carbonyl group. 
Since the structural relationships are quite different, a comparison is 
meaningless. Actually the 1,4-quinonc is more stable than the 1,2- 
quinonc in both the benzene and naphthalene series, while the reverse is 
true of the 1,4- and 1,2-dihydro compounds. Ortho and para quinones 
differ in the manner in which the carbonyl groups are conjugated, and a 
comparison between compounds of the two types is valid only if account 
is taken of this difference. 

Phenanthrene. Four Kekul6 bond structures for phenanthrene are 
theoretically possible, but according to the Fries rule (p. 156) one of 
these would be expected to surpass the rest in stability. This structure, 
illustrated in formula I, is symmetrical, and each ring has associated with 


3 



it the full complement of three double bonds, as in benzene, although 
there is some sharing of double linkages. In the alternate formulas one 
or more of the rings has an o-quinonoid or a tetrahydride structure and 
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thus departs more widely from the stable benzenoid condition. There is 
evidence that the formula expected from theoretical considerations to 
represent the stable state of the molecule corresponds to the true struc¬ 
ture. Fieser and Young 102 found that, while the coupling of 2-phc- 
nanthrol and the rearrangement of its allyl ether normally lead to 
substitution in the 1 -position, the reactions are effectively blocked by 
an alkyl group at this position. A blocking group at the 4-position simi¬ 
larly interferes with the phenolic functioning of 3-phcnanthrol, and from 
these observations it seems clear that double bonds arc located at the 1 , 2 - 
and 3,4-positions and that the bond structure in this part of the molecule 
is as rigid as in naphthalene. 

Phenanthrene is more susceptible to oxidation and reduction than 
naphthalene, and the point of first attack in each reaction is at the 9- 
and 10-positions. The only factor which seems to limit the yield of the 
9,10-quinone is the sensitivity of this compound to further oxidation, 
and the 9 , 10 -dihydride can lie obtained in nearly quantitative yield by 
hydrogenation in the presence of copper-chromium oxide at a moderate 
temperature.' 01 It is significant that this catalyst is not active toward 


HIIHH 



benzene or naphthalene and that the selective hydrogenation of phenan- 
thrcnc occurs under conditions not much more drastic than are required 
for the hydrogenation of cthylenic hydrocarbons of the aliphatic or 
alicyclic series. A further striking indication of the olefin.c character 
of the 9,10-double bond is that phenanthrene forms a stable 9,10-dibro- 
mide. A possible factor contributing to the unusual reactivity mani¬ 
fested in the central ring of the hydrocarbon is that each of the adjacent 
carbon atoms 9 and 10 occupies an a-position with respect to a terminal 
aromatic ring; these unsaturated rings may exert an activating influ¬ 
ence, as suggested in the case of naphthalene. This conception, though 
perhaps a crude one, is of value in understanding the course of some of the 
substitution reactions. In the sulfonation of phenanthrene, and in the 
Fricdel and Crafts condensations conducted in nitrobenzene solution, 
substitution occurs chiefly at the 3- and 2 -positions rather than in lie 
reactive central nucleus. These are 0-positions, and it will be recalled 


,w Fieser and Young. J. Am. Chem. Soc.. 63 4120 0931). 

,0 * Burger and Mosettig. ««<*.. 57. 2731 <»93o): 68. 18o7 (1930 . 
59. 135 (1937); 60. 1501 (1938). 
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that in the case of naphthalene there is some avoidance of the reactive 
a-positions in substitutions, in contrast to reactions of oxidation and 
reduction. ^-Substitution predominates in the high-temperature sul- 
fonation of naphthalene and in some of the Fricdel-Crafts reactions in 
nitrobenzene solution. 

In attempting to account for the unsaturatcd, olefinic character of 
the 9,10-double bond, Fries 97 suggested that the other two double bonds 
of the central ring are shared unequally with the terminal benzenoid 
nuclei and are claimed principally by these rings, leaving the double bond 
at the 9,10-position in a comparatively isolated or imperfectly conju¬ 
gated condition. This idea can be expressed in some measure in a for¬ 
mula by using a pair of lines of unequal length to represent the double 
bond and by placing the shorter of the two lines on the side of the ring 
recognized as having the greater stability. There is another way of 
viewing the situation which seems somewhat more concrete. That the 
central nucleus possesses a rather low order of aromaticity means that 
the dihydride structure which it acquires on oxidation, reduction, or 
halogen addition is characterized by a special stability. That this is the 
case is attested by the fact that the 9,10-dibromide is capable of independ¬ 
ent existence, and a measure of the relative stability of 9,10-dihydro- 
phenanthrene as compared with 1,2-dihydronaphthalcne is furnished by 
a comparison of the potentials of the corresponding quinones (Table I, 
p. 159). The low potential of 9,10-phenanthrenequinone as compared 
with 0-naphthoquinone indicates a greater stability of the tricyclic 
quinonoid, or dihydride, structure. This stability may be attributed to 
the fact that both double bonds of the central, quinonoid or dihvdride 
ring are subject to the deactivating influence of the benzenoid rings of 
which they arc also members. According to this view, the central nucleus 
of phenanthrene is susceptible to oxidation, reduction, and addition reac¬ 
tions chiefly because a comparatively stable dihydride structure can be 
produced as a esult of such reactions. The situation is such that there 
must be a considerably greater driving force to the occurrence of such 
changes than in the case of naphthalene. This accounts for the highly 
unsaturated character of the 9,10-double bond and for the ease of hydro¬ 
genation and of other additions. From the heat effect in the conversion 
of naphthalene into the 1,2-dihydride (9.4 Cal.) and from the potentials 
of the quinones corresponding to the dihydrides, it is estimated that the 
heat of hydrogenation of phenanthrene to the 9,10-diliydride is about 
15 Cal., that is, intermediate between the values for naphthalene and for 
cyclohexene (28.6 Cal. 4 ). 

Anthracene. Anthracene surpasses even phenanthrene in reactivity 
as can be seen, for example, from the fact that the linear compound 
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present in crude phenanthrene from coal tar can be removed by prefer¬ 
ential oxidation to the quinone, and from the observation that poly¬ 
nuclear hydrocarbons which contain the ring systems of both anthra¬ 
cene and phenanthrene are generally attacked on oxidation chiefly in 
the anthracene part of the molecule. The addition of one mole of 
hydrogen or of halogen to anthracene also proceeds very readily, and the 
point of attack in all these reactions is at the 9 and 10, or meso, positions. 
In the early attempts to account for this seemingly special character of 
the hydrocarbon, considerable prominence was given to the view that 
the reactivity is due to the presence of a para bond extending between 
the meso positions, as in I. 

cco 

I 

Hinsberg 1M was one of the first to present a serious objection to this for¬ 
mulation, and, although his argument was based upon a rather cumber¬ 
some analogy with phenazincs and quinoxalophcnazmes, the evidence 
appears entirely valid. The essence of the argument is that the fusion of 
an angular benzenoid ring to one of the terminal rings of anthracene de¬ 
creases the reactivity at the meso positions in a manner not comprehensi¬ 
ble on the basis of the formulation in question. Furthermore, anthracene 
docs not appear to be symmetrical, as pictured in the formula for the 
attachment of a second ring to the opposite side of the molecule does not 
produce an added effect proportionate to that of the first ring. Evidence 
on this point is furnished by potcntiomctric data for the corresponding 
quinoncs.™ A less serious objection was cited by Goudct,"* who found 
that the lcvorotary form of the hydroxyanthrone II gave an optically 



inactive compound on reduction, contrary to what would be expected on 

the basis of the para bond structure III. 

The para bond formula was dealt a final blow by the evidence from 
x-ray analysis (p. 123). All the carbon atoms of anthracene lie in a single 


101 Hinsberg. Ann.. 319. 257 (1001). 

,0 * Fictjor and Dietz. J. Am. Chcm. Soc. 63. 
10 * Goudct, //c/p. Chim. Ada. 14. 379 (1931). 
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plane, and consequently the carbon atoms in the meso positions are as far 
removed from one another as the para carbon atoms of an isolated ben¬ 
zene ring. 107 According to all available information concerning bond 
strength, a direct connection between such positions is quite out of the 
question (p. 125). 



Two KekulS formulations are possible for anthracene, namely IV 
and V, and either one may be said to represent the modem counterpart 
of the o-quinonoid formula suggested by Armstrong in 1890. In each 
formulation at least one ring (A) is present which contains only two 
double bonds and which, with the ethylenic linkages extending into the 
central nucleus, constitutes an o-quinonoid system of linkages. This 
arrangement represents a condition less stable than that of a benzenoid 
ring, and the tendency of the quinonoid nucleus to acquire the benzenoid 
condition accounts for the reactivity of anthracene. Such a change occurs, 
for example, as a result of the addition of hydrogen to the 1,4-conjugated 
system present in the central nucleus (1), a reaction which is analogous 
to the reduction of o-benzoquinone (2). It is understandable that anthra- 

ceo - ocp <•’ 


OI 


a: 


cone is subject to attack at the meso positions, and the great driving force 
in the uluclic.i cun be attributed partly to the presence of the reactive 
o-quinonoid system of linkages and partly to the fact that the 9,10- 
dihvdride has a particularly stable structure, for the double bonds arc 
all contained in two isolated benzenoid rings, as in 9,10-dihydrophe- 
nanthrene. Probably the 9,10-dihydro derivatives of anthracene and 
phenanlhrenc do not differ grcaily in stability (or in their heats of com¬ 
bustion), and, consequently, tlie observation 97 that the heat of combus¬ 
tion of anthracene is greater than that of the angular isomer by 7.0 
Cal. affords an approximate indication of the magnitude of the energy 
content of the anthracene molecule which is attributable solely to the o- 
quinonoid system of linkages. 

107 Meyer, Z. angcio. Chcm.. 41, 935 (1928). 
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Other reactions involving a conversion to 9 , 10 -<Uhydroanthracene 
derivatives include oxidation, the formation of the 9,10-dibromide, and 
the Diels-Alder reaction (p. 685) of anthracene with maleic anhydride 
or with quinone. 109 The ability of the hydrocarbon to yield addition 
products of the type of VI is particularly illuminating, because of the 
specificity of the reaction to active diene systems (p. 667), and because 


H 



naphthalene and phenanthrene do not form similar p odue s Endo- 
anthraccne maleic anhydride (VI) >s produced by heat mg l.ecompo- 
nents in boiling xylene solution, and the occurrence of a (reters We) 
reaction with this and other unsaturated anhydrides, as well as «ith 
crotonic acid and acetylene dicarboxylic ester, affords a good >nd,ca. on 
of the presence of a reactive diene system in the central nuclei s ; 
indication in the same direction is the C-alkylat.on of anthranol (3), 



OCII3 



(3) 


observed by K. H. Meyer and Sehlosscr <0 occur along withO-alkyl- 
ation when an alkyl lmlidc (but not a sulfate) is employed. The com¬ 
paratively high degree of unsaturation of anthracene is indicated by the 
ready reaction with sodium - and in the sport rochem.™. proper.<•*- 
of anthracene derivatives, and it has been suggesUd <^t he ^ 
nounced color of derivatives containing NO*. ««, NH*.<;I finds 
satisfactory interpretation in the assumption of a structural 

true quinones. 

Die,, and Aider. Ann.. 486. 101 (.931,; Cur. *r, 64. 2104 (1031,. 

•" Clar. Brr.. 64. 1070 (1031,. 

»• Meyer and Schlo«er. Ann.. 420. 1-0 (»9*>>. , 79 (. 914 . 

43 °- 254 (,923) 

»» KehrZnn. Bcr., 27. 3348 (1804,; Scholl. Dcr.. 41. 2312 (V*m. 
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None of the facts cited thus far provides a means of distinguishing 
between the alternate o-quinonoid formulas IV and V, above. From a 
consideration of the Fries rule (p. 156), it would appear that the first 
of these structures is the more likely, because it represents a more stable 
system. Formula IV contains an o-benzoquinonoid ring (A) and two 
benzenoid lings combined in the form of a normal naphthalene nucleus 
(BC); in formula V the rings A and B constitute a highly reactive and 
unstable 2,3-naphthoquinonoid unit, and there is only one benzenoid 
ring (C). As Fries 97 stated the case, there is in the first instance a closer 
average approach to the stable condition of the isolated benzene ring, and 
consequently IV is the preferred structure. Fries sought to test this pre¬ 
diction by studying the bromination of 2 , 6 -dihydroxyanthracene. If the 
structure is that of VII, the bromine atoms should be directed to the two 
enolic ortho positions 1 and 5, whereas the alternate structure VIII 


should lead to 3,5-substitution. It was found that bromination occurs 
at the 1- and 5-positions, as predicted for a compound of the formula VII, 
l)iit the observation does not exclude the possibility that solutions of the 
substance contain appreciable quantities of both forms and that \ II is 
merely the more abundant, or the more reactive, of the two. In extend¬ 
ing this work, Fieser and Lotlnop 1,1 applied a more rigorous test. The 
1- and 5-po>itions were blocked with alkyl substituents, and the 1,5- 
dialkyl-2,0-dihydroxyanthracenes were investigated for their ability to 
couple with diazotized amines. As the tests were entirely negative, it 
was concluded that the bonds are fixed in the positions indicated in for¬ 
mula VII and that the* tautomer corresponding to VIII is not present in 
any appreciable quantity, for it should give rise to substitution at the 
3-position. 

The evidence thus supports the formulation deduced from theoretical 
considerations, and it indicates a rigidity of the bond structure com¬ 
parable with that in naphthalene and phenanthrene. With an unsym- 
metrieally substituted compound, such as d-nnthrol, it is necessary to 
account for the fact that the substance has been isolated in only one 
form, though two structures, IXa and 1X6, are theoretically possible. 
Fries 97 noted that the change from one structure to the other can be 
accomplished by a progression of the bonds in the central nucleus, with- 

114 Fieser and I.othrop, J. .I»i. Ctu-tn. Soc.. 58. 710 (103*1). 
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out disturbance of the double bonds in the appositions of the terminal 
rings, and this idea seems in keeping with the nature of the bond fixation 
indicated by the above experiments. Fieser and Lothrop suggested that 
the two forms are to be regarded as tautomers, and that an indication 



of the position of the equilibrium can be gained by the application of a 
principle expounded by Kcl.rma.in 115 in a brilliant paper dealing with 
the question of the bond structures of azine derivatives. Phenylnaph- 
thophenazoniuni chloride, for which two tautomeric forms, Ac and Ah, 
arc possible, is typical. The form .Yn contains a naphthoquinonoid 



grouping (AB), while Xb has an o-benzoquinonoid structure (ring C\ 
and Kehrmann reasoned that, since 0-naphthoquinone is more stable to 
reduction than o-benzoquinone, A'a should be the predominant tautomer 
Evidence in support of this deduction was found ... the observation that 
the compound adds ammonia in alcoholic solution to yield an ammo 
derivative having the substituent in ring B (arrow) The plienazomum 
salts enter into addition reactions characteristic of the quinones and 
they share with these substances the property o forming clcctromot.vcly 
active oxido-reduction systems. Kehrmann's theory of the factors gov¬ 
erning tautomerism among such compounds was placed upon a quanti¬ 
tative basis in later potentiome.ric studies - 1 he equilibrium constant 
K, of a pair of tautomers having the normal potentials E 0 and L a (where 
•the 0-form has the higher potential) is given by the expression: log A 

= (E a ° - E 0 “)/0.02956. . . . ... 

Although reversible oxidation-reduction is not observed with com¬ 
pounds such as anthracene in which the qumono.d system of linkages 
terminates in carbon, rather than in oxygen or nitrogen, the qualitative 
application of the established principle seems admissible. In respect to 
0-anthrol (IX, above), a rational inference concerning the relative sta- 


Kehrmunn. Tier.. 31. 977 <1S9<>. 

»• Fieacr, J. Am. Chon. Soc.. 50. 439 (1928); 
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bility of the two forms can be made from the fact that the oxido-reduction 
potential of a given hydroxyquinone is considerably lower than that of 
the corresponding unsubstituted quinone (p. 1038). The hydroxyquino- 
noid grouping ( q ) of IXa consequently must represent a condition of 
greater thermodynamic stability than the unsubstituted quinonoid nu¬ 
cleus (q*) of 1X6, and the first formula probably corresponds to the struc¬ 
ture of the predominant tautomer in solution. The less stable tautomer 
1X6 is probably present in solution in small amounts. (Compare the still 
unisolated tautomer of 2 -hydroxy-1,4-naphthoquinone.) 

Alkyl groups influence quinone potentials in the same direction as 
hydroxyl groups but to only about half the extent, and consequently the 
less stable forms of 1- and 2-alkylanthracenes probably are present in the 
equilibrium mixtures in somewhat larger amounts. The amino group is 
considerably more potent than hydroxyl, and 0-anthramine must exist 
very largely in the aminoquinonoid form XI. That the substance is a 
very weak base and resists diazotization, 1 ' 7 except under special condi- 


H.,N 


XDOO 


XI 



lions, 97 is easily understood on the basis of this structure, for aminoqui- 
noncs exhibit similar properties. Highly unsaturated groups, and to a 
lesser extent halogen atoms, can be expected to shift the equilibrium in 
the other direction, the more stable form of a compound such as 1-nitro- 
anthraccnc probably being that in which the substituent is located in the 
benzenoid ring (XII). 

The general theory accounts well for the properties of the higher 
bcnzologs of anthracene. It was mentioned above that a benzene ring 
fused to the molecule in an angular position decreases the reactivity 
at the meso positions, and it is equally true that a linear ring has the 
opposite effi A clear demonstration of both relationships is afforded 
by Clar's 1,8 work on the ease of reaction of the hydrocarbons with maleic 
anhydride. 1,2-Benzanthracene would be expected to have the 0-naph- 
thoquinonoid structure XIII, rather than the alternate o-benzoquinonoid 
structure, and the added ring serves to stabilize the original quinonoid 
system (g) and hence to decrease the reactivity at the terminal (meso) po¬ 
sitions of the unsaturated system. An additional benzenoid ring attached 

“ 7 Bollcrt, Bcr.. 16. 1035 (1883); Bamberscr and Hoffmann. Bit., 26. 30GS (1893). 
See also Sell rooter, Bcr., 67. 2003 (1924). 

“• Clar. Bcr.. 64. 2194 (1931); 65. 503 (1932) ; Clar and Lombardi. Bcr.. 66. 1411 (1932) 



AROMATIC CHARACTER 


169 


at the 5,6-position (XIV) should have little added influence, for it is not 
in immediate connection with the quinonoid unit. There are indications 
that this expectation is realized.'” The situation is quite different when a 




benzene ring is fused to anthracene in a linear position. The formulas 
XVa and XV6 for naphthacenc both represent systems of greater unsatu¬ 
ration and reactivity than anthracene, because in each case two of the 
four rings are quinonoid (?) in character. In XVa two terminal o-ben- 
zoquinonoid rings arc separated by the normal naphthalene unit formed 



by the two central rings, and, although the added quinonoid ring should 
render the structure more reactive than anthracene, the system at least 
has greater stability than XV6, where the non-bcnzenoid rings ? and ? 
are combined in the form of a 2,3-nnphthoquinono.d unit. That such a 
group would be highly unstable and reactive can be inferred from the 
non-existence of 2,3-naphthoquinonc itself, and from the observation 
that quinones in which the quinonoid system of linkages extends into 
two nuclei are characterized by having unusually high reduction poten¬ 
tials (see diphenoquinone, 2,6-naphthoquinone, Table I, p. 159). for¬ 
mula XVa therefore represents the preferred structure. 

The reactivity of naphthacenc as compared with anthracene is well 
illustrated by the properties of its derivatives.-'- The equilibrium be¬ 



tween 2,3-benz-9-anthrone (XVI) and the antl.ranol-form XVII so 
greatly favors the keto form that the substance, unlike anthranol itself, 

»• Fieacr, J. Am. Chcm. So c.. 63. 2320 (1931). 
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fails to dissolve in alkali. The anthranol acetate is formed much 
less readily 119 than usual, and the anthranol is very easily reduced to an 
unusually stable dihydride. The observations all reveal a pronounced 
tendency of the doubly quinonoid structure to revert to the more stable 
condition of the 9,10-dihydride. The striking observation that crystal¬ 
line naphthacenequinone docs not give the usual vat test with alkaline 
hydrosulfite is similarly attributable to the lack of stability of the hydro- 
quinone. 

Still greater reactivity is displayed by Clar’s 121 hn.-dibenzanthracene, 
a hydrocarbon of particular interest because of its blue color. No very 
stable arrangement of the double bonds of this compound is possible, and 
the best adjustment that can be achieved is represented in formula 
XVIII. This structure includes a 2,3-naphthoquinonoid unit (qq‘) 
at one end of the molecule and an o-benzoquinonoid nucleus ( q ") at the 
other, and consequently the high degree of unsaturation of the hydro¬ 
carbon, as manifested in its reactivity and color, is easily understandable. 
Reagents would be expected to attack the substance in the central ring, 
for these positions are at the ends of the more reactive 2,3-naphtho- 
quinonoid system, and this expectation is realized. Clar took a different 
view of the situation and postulated for the hydrocarbon the biradical 
(p. 002) formula XIX. lie suggested that anthracene itself and the 




other aromatic compounds exist to some extent in a divl phase, but that 
the pent acyclic hydrocarbon has a complete biradical character. 1 ” These 
speculations, although subject to much adverse criticism, 1 ” have con¬ 
tinued to attract attention. 1 - 1 In an attempt to settle the matter, E. 
Muller 1=6 investigated the magnetic susceptibility of the blue hydrocar¬ 
bon and found that the compound does not exhibit paramagnetism, as 
univalent radicals and one authentic biradical were found to do. He 
concluded that the amount of diyl, if present, cannot exceed 1 per cent. 

,J0 Burnett ami Lowry. Her., 65. 10-0 (1032). 

•*» Clar aiul John. Her.. 62. 3021 (1029); 63. 2907 (1930). 

‘2* Clar, Her., 65. 503 (1032); 66. 202 (1033); 69. 007. 1071 (1930). 

*** Scholl and BoltRcr. lUr.. 63. 2133 (1930); Srlmll and Mayor. Her.. 67. 1229. 1230 
(1934); Conrad-Billroth. Her.. 66. 039 (1933). 

,2 ‘ Ivon, .-Inn. 7f« pis. Chem. Soc. {London), 29. 103-171 (1932). 

»» Mailer and MUllcr-RodlotT. Ann., 517. 134 (1935); Muller and Bunge. Her., 69 
2104 (1030). 
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Although it is conceivable that a fixed opposition of the electron spins in 
a biradical could eliminate the paramagnetic effect, such an explanation 
seems improbable. The evidence available does not warrant acceptance 
of the diyl formula as representing anything more, perhaps, than a reac¬ 
tion phase, and the general theory of aromatic structures based upon a 
rational extension of the concept of the Kekuld ring seems to provide an 
adequate interpretation of the facts without this added assumption. 

The principles defining the bond structures of the polynuclear aro¬ 
matic hydrocarbons seem to apply also to the quinones and hydro deriva¬ 



tives of these substances. On the basis of the Fries rule, it was pre¬ 
dicted 91 ■ m that naphthacenequinone has the structure XX rather than 
XXI, for in XX the rings C and D are benzenoid and constitute a normal 
naphthalene system, while in XXI the terminal ring Is quinonoid and 
forms a part of a unit corresponding to the unstable form of naphthalene. 
Allen and L. Gilman ,?7 found support for this view in the observation 
that phenylmagncsium bromide adds to the two 1,4-conjugated systems 
formed by the nuclear double bonds in ring C with the carbonyl groups, 
giving two stereoisomeric products of the structure XXII. Air oxidation 
in alkaline solution of the cnolized material gave XXIII. I he behavior 
is quite different from that of anthraquinonc and phcnanthroncquinonc, 
with which Grignard reagents give exclusively carbinols, and it is inferred 
that in these compounds a 1,4-system is not available, the bonds of an- 
thraquinone being arranged as in ring A of XX. The unusual arrange¬ 



ment of bonds in the oxygenated ring (B) of naphthacenequinone may 
modify slightly the character of this ring, but it seems unlikely that true 
quinonc characteristics are entirely lost. 1,4-Anthraquinone probacy 


1M Fiesor and Marlin. J. Am. Chcm. Soc.. 67. 1844 (1935). 
ln Allen and Oilman, ibid., 68. 937 (1930). 
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has a similar bond structure, 128 and it undergoes reversible reduction and 
exhibits other usual properties of quinones. The 1,4-addition of the 
Grignard reagent (p. 672) has been observed also in benzanthrone, 
XXIV, the aryl or alkyl group appearing at the 4-position (arrow). 129 



The observation locates one double bond in ring C, and from the principle 
of greatest stability it seems likely that the remainder of the bonds in 
rings C and D arc arranged as in naphthalene. 180 

Pyrene. This tetracyclic hydrocarbon presents an interesting com¬ 
bination of fused rings embodying groupings of the naphthalene, phenan- 
threne, and diphenyl types. In the degree of reactivity to substituting 
agents, pyrene is roughly comparable with anthracene. In an extensive 
study of the hydrocarbon, Vollmann, Becker, Corell, and Streeck 131 
found that monosubstitution occurs solely at the 3-position, which cor¬ 
responds to one of the chief, if by no means exclusive, points of attack in 
phenanthrene. A second substituent is introduced about as easily as the 
first and invariably enters the second pen-ring at the 8- or 10-position, 
giving a mixture of 3,8- and 3,10-isomers in which the latter predomi¬ 
nates. In contrast to the point of attack in substitutions, the addition of 
ozone occurs at the 1,2- and 6,7-positions. These results arc interpreted 132 
to indicate that in its most stable state pyrene has the 1,4-naphthoquino- 
noid 133 bond structure I. Predominant disubstitution at the 3,10-posi¬ 
tions is considered to occur at the ends of the active quinonoid system of 
linkages (arrows). The formation of 3,8-derivatives may occur through 
the possibly re reactive but considerably less abundant 1,5-naphtho- 
quinov id foi... II. The change from one bond isomer to the other would 
invol* .orely a progression of the bonds in the upper terminal ring. 
A groa • -lability for I as compared with II is consistent with the Fries 
rule, for the former structure contains three benezenoid rings (6) while 
the latter contains but two. 

us Fieacr. ibid., 60. 405 (1928). 

179 Charrior and Ghigi. (Jazz. chim. ital., 62. 92S (1932); Bcr., 69. 2211 (1930); Alien 
and Ovcrbaugh, J. Am. Chcm. Soc., 67, 740, 1322 (1935). 

1,0 See. howover, Clar, Bcr., 66. 846 (1932). 

1,1 Vollmann. Bcckcr, Corell. and Streeck. Ann., 631. 1 (1937). 

Fioscr and Seligmnn. J. Am. Chcm. Soc., 60, 170 (1938). 

Clar. Bcr., 66. 1420 (1932). 
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The fact that 3-hydroxypyrene fails to couple with diazotized amines 
indicates a rigidity of the bond structure in at least a part of the molecule 
and shows that the 3- and 5-positions are not identical, as they would 
appear to be from the outline formula. The structure I with a hydroxyl 
group at the 3-position and a single bond connecting positions 3 and 4 
evidently is more stable than that with the substituent at position 5. 
The explanation may be that the hydroxyl group, which is known to have 
a stabilizing (potential-lowering) effect on true quinones, is joined 
directly to the quinonoid system in the former, but not the latter, case. 
That neither 3,10- nor 3,8-dihydroxypyrene can be caused to couple with 
diazotized p-nitroaniline indicates that the two dihydroxy compounds 
have the alternate bond structures I and II, respectively. This must 




mean that the influence of the attachment of a hydroxyl group to a 
quinonoid system is so pronounced that two such substituents in the 3- 
and 8-positions can effect the stabilization of the otherwise more reactive 
1,5-naphthoquinonoid system of II. 

3,4-Benzpyrene. If pyrene tends to exist chiefly in the 1,4-naphtho- 
quinonoid form (I, above), the most probable »*>nd structure for 3,4- 
benzpyrene is that shown in formula III, in which the four bcnzenoid 
rings constitute a chrysene unit. The alternate formulation IV, derived 



from the 1,5-naphthoquinonoid form of pyrene (II), represents the hydro¬ 
carbon as a 1,2-bcnzanthracenc derivative containing but three bcnzenoid 
rings. The evidence available docs not distinguish between the two 
structures, and the fact that the hydrocarbon suffers oxidation at posi¬ 
tions 5, 8, and 10 perhaps is indicative of attack at the exposed ends ol 
the 1,4- and 1,5-naphthoquinonoid systems of the two forms. 
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3,4-Benzpyrene is of special interest because of the remarkable reac¬ 
tivity which it manifests in substitution reactions. 114 In susceptibility to 
substitutions, the substance surpasses all other known unalkylated, fully 
aromatic hydrocarbons. Oxidation with lead tetraacetate proceeds 
smoothly at room temperature and affords the 5-acetoxy derivative in 
over 90 per cent yield, and the reaction with methylformanilide to give 
the 5-aldehyde proceeds equally well. The hydrocarbon even couples 
with diazotized p-nitroaniline in acetic acid (5-position), and thereby 
exhibits nuclear reactivity comparable with that of a phenol or amine. 
The exclusive point of attack, except in the (hindered) Friedel and 
Crafts reaction, is at position 5. This is at one end of a quinonoid system 
of linkages, and it is also a meso position, flanked by activating rings on 
either side. 

Of possible significance to the theory of aromatic substitutions is the 
fact that 3,4-benzpyrene exhibits no tendency to form addition products. 
In contrast to the situation in the naphthalene, phenanthrene, and an¬ 
thracene series, no reaction products of dihydride structure have been 
encountered, and reactions which can proceed only by an addition do 
not appear to take place. In sharp contrast to the behavior of anthra¬ 
cene and 1,2-benzanthraccne, 3,4-bcnzpyrenc fails to add maleic anhy¬ 
dride (citation ,M from Bachmann). The facile substitutions of the 
hydrocarbon therefore appear to be independent of any process of addi¬ 
tion. Among other polynuclear hydrocarbons, there is a sufficient, if 
perhaps entirely fortuitous, parallelism between reactivity in substitu¬ 
tions and in additions to invite the speculation that the substitutions may 
proceed by way of addition mechanisms. The case of 3,4-benzpyrene, 
however, demonstrates that the two processes can be entirely distinct 
and uncorrelated. 

THE NATURE OF AROMATIC SUBSTITUTIONS 

The question of the mechanism of aromatic substitutions is a com¬ 
plicated one, for there is considerable variety in the types of reactions 
and in the nature of the compounds undergoing substitution. It is an 
open question whether different substituting agents act upon a given 
compound in the same way, and whether a given type of substitution 
follows the same general course in the benzene series as with polynuclear 
hydrocarbons. The course of the reaction conceivably may vary also 
with the nature of the directing groups. There may well be more than 
one path by which a substituent can enter an aromatic nucleus, and cer- 

134 Ficscr and Campbell. J. .4m. Chcm. Soc.. 60, 1142 (193S)‘ Ficsor und Horshborg. 
ibid., 60. 2642 (193S) ; 61. 1505 (1939). 
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tainly caution should be exercised in reasoning by analogy unless a secure 
correspondence can be established between the cases in question. 

Nitration and Sulfonation. Shortly after proposing the cyclohexa- 
triene formula for benzene, Kekute m attempted to determine the course 
of the reaction between nitric acid and ethylene in order to make a com¬ 
parison with the aromatic nitration reaction. Difficulties were encoun¬ 
tered, however, and not much progress was made. The reaction affords 
mainly products of oxidation, but Wieland and Sakellarios, 136 by using a 
mixture of nitric and fuming sulfuric acids, succeeded in isolating small 
amounts of /3-nitroethyl nitrate, CH2(N0 2 )CH20N0 2 . This was thought 
to result from the esterification of CH 2 (N 0 2 )CH 20 H, formed as a pri¬ 
mary product of addition. It was found further that 0-nitroethyl alcohol, 
prepared 137 in another way, yields the nitric ester with nitric acid, and 
can be dehydrated to nitroethylene with the use of phosphorus pent- 
oxide, and consequently it appeared that nitric acid adds to ethylene as 
HO—N0 2 and that a substitution product can be produced by the elimi¬ 
nation of water from the addition product. The observations were re¬ 
garded as affording an analogy for the hypothesis that the nitration of 
benzene proceeds by an addition-elimination mechanism (1). 



A still closer analogy was reported by Anschutz and Hilbert, m who 
studied the nitration of a,a-diphenylethylcnc in glacial acetic acid. Un¬ 
der mild conditions of operation a nitro alcohol was obtained, and this 
yielded the corresponding unsaturated nitro compound on warming a 
solution of the substance in glacial acetic acid containing a trace of nitric 
acid. The complete process (2) corresponds to that postulated for the 
aromatic substitution. Unsaturated nitro compounds have been ob- 

(C.H.),C«CH, (c.i U)t C-CH, —> (C»H,)jC=CH (2) 

Oil NO, NO- 

tained also in small amounts from certain alkencs by the action of nitric- 
acid alone or in carbon tetrachloride solution, isobutylene giving (CH 3 ).C 

'*• Kekul6. He.. 2, 320 (1809). 
m Wicland and Sokcllurios. Ut.. 63. 201 (1920). 

»» Wiclund and Sakollarion. Her.. 62. *98 (1919). 

*»» AnachQtz and Hilbert. Bcr., 64. ISM (1921). 
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=CHN0 2 , 139 and isoamylene yielding (CH3)2C=C(N02)CH3. ,S9 - 140 A 
particularly interesting case is that of ethyl p-nitrocinnamate, which 
yields 02NC6H 4 CH==C(N02)C02C2H5 on treatment with mtnc and 
sulfuric acid at room temperature, 141 that is, under the conditions of an 
ordinary aromatic nitration. 

It can be argued that the postulated dihydrobenzenoid intermediate 
would be so unstable under the dehydrating action of the strong acid or 
mixed acid required to produce it that it might well elude isolation. 
Furthermore, analogous products have been isolated from certain cyclic 
compounds of less pronounced aromaticity than benzene. By the action 
of nitric acid on anthracene in glacial acetic acid, Meisenheimer and 
Connerade 142 obtained a solution of nitrodiliydroanthranol (or its ace¬ 



tate), and a conversion to 9-nit roan thracene was brought about by 
treatment with mineral acids. A substance similarly regarded as a 
product of 1,4-addition has been obtained as the acetate from furan. 143 
Though these substances may correspond to an essential step in the 
typical nitration of benzene, it is also possihlc that the addition com¬ 
pounds arc formed in independent reactions not connected with substi¬ 
tution. The existence of an addition compound in the case of anthracene 
is understandable in either event., for the great reactivity of this hydro¬ 
carbon enables a reaction to occur under mild conditions, and the special 
structure of a 9,10-dihydroanthrnccnc derivative confers upon it unusual 
stability. These factors would favor equally the formation of an inter¬ 
mediate essential to the nitration, or a by-product, and experimental evi¬ 
dence upon which to base a decision is not available. 

It seems necessary to view the analogy between benzene and anthra¬ 
cene or furan in the nitration reaction with caution, and Michael and 
Carlson 144 have attacked the experimental basis for the analogy with the 
supposed addition of nitric acid to alkcnes. These investigators found 
that at a low temperature colorless nitric acid containing no nitrous 

1,9 HaitinRcr, Ann., 193, 3G0 (1878). 

140 Wieland and Hahn, licr., 54. 1770 (1921). 

141 Friedlnender and Middy. B,t.. 16. S4S (18S3); Fricdlftnder. Ann., 229, 203 (1885) 

142 Meisenheimer ami Connerade. Ann., 330. 133 (1904). 

10 I'retire and Johnson, J. Am. Chcm. Soc., 63, 1142 (1931). 

144 Michael and Carlson, ibid., 57. 12GS (1935). 
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oxides does not add to ethylene but attacks it destructively and that it 
merely polymerizes a.o-diphenylethy'en, The pure aad , carbon 
tetrachloride solution at -20* was found to addasH-ONO^o *o- 
butylene and to isoamylene, giving the esters (CH,) 2 C(OIsO,)CH. and 
fCH CfONO*)CH 2 CH 3 . Michael and Carlson consider it probab e 

SfSueSli by previou. to-.““ 

O.N-OSO.H, ei™ CH,(N0,)CH,0 S 0,H, Moved by 

Wieland 138 interpreted the former reaction as proceeding through the 
Wieland mt I of thc benzene ring with sub- 

addition of HO-S° 2 OH to a aouo ^ ^ occasion add to an 

sequent dehydration. That suliu n^O*OH as usual, 

rather than ethyl sulfuric acid, on reaej faethionic acid 


CHi nosotQH 

CH* 


CHsSOt \ 


rCH,SO : OHl HOSOfOH ^ CClIiSOjOH j. >o 

[Um J - Lill=OSO.OH J tHASO, 


M,eb„l .ad Oa a“SS 

mechanism docs not attribute“ y . carby i sulfate is formed only 
present in fuming J sc ,^ uan ,itativc study of the reaction, 

when such acid is used. essential reaction is between 

thc.se investigators concluded 1 ^ ^ ^ n<jt ^ ^ ^ bul „ 

ethylene and pyrosulfuric and, a 
an anhydride, giving ethiomc acid (ID directly. 

CH*=CHi 

HOSOjOH + SO, P* HOSOi OSOsOH -> 

a i*i ;. - vros « this reacts with II to form carbyi 
When sulfuric anhydride is in excess, mis 

sulfate. .1 , n itri c acid and sulfuric acid do not 

Michael s work mdmat« 1^ HO _ g0jOH a „ d conscqU ently that 

add to ethylene as HO f simp | c a lkenes to support the 

SSLiSSS aromatic substitutions. It may be 

»«* Michael and Weiner, ibid.. 58. 294 0930). 
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remarked, however, that a comparison of benzene with ethylene is per¬ 
haps of doubtful value. That the acids function as H—0N0 2 and 
H—0S0 2 0H with ethylene hardly provides a useful clue to the course of 
the reactions with benzene, for similar additions are out of the question 

in the latter case. The reaction —CH=CH-h H—OS0 3 H <=* 

CH 2 CH (OSO3H )— is reversible even with alkenes, and, since a dihydro- 
benzenoid addition product of this type could stabilize itself only by 
reverting to the components, it is clear that in the aromatic series the 
equilibrium must represent a condition amounting practically to non¬ 
addition; addition in this manner probably has no significance except, 
perhaps, in promoting a deuterium exchange. With this mode of reac¬ 
tion blocked, the acids in question evidently act upon benzene in some 
other way, and the addition hypothesis represents one possibility. It is 
also possible that substitution involves merely a direct metathesis, 
C c H 5 ( H + HO I N0 2 . Substitutions of this type apparently occur in 
the nitration of alkanes **• 147 with dilute nitric acid and in the nitration 
of toluene in the side chain ,4# under similar conditions. 

As an alternative mechanism, Michael suggested that nitration and 
suifonation may involve the addition of a nuclear hydrogen atom and 
the aromatic residue to an unsaturated oxygen of the acid and the 
attached nitrogen or sulfur, respectively. Water is then assumed to 
separate from the addition product, the complete process being as fol¬ 
lows: C 0 H 5 H + N0 2 (0I1) — ICoH 6 NO(OH) 2 1 — C fl H 5 N0 2 + H 2 0. 
It is assumed that benzenesulfonic acid can result from an addition of 
benzene to sulfuric acid, SO ;i , or S 2 O c , and that the diphenyl sulfone 
formed in the reaction with fuming sulfuric acid arises by an addition 
of two molecules of benzene to S 2 Oo. While this inode of addition rcpi'e- 
sents a possible course for at least some aromatic substitutions, the 
theory has no firmer foundation in experimental evidence or analogy 
than the others. The mechanism suggested for the suifonation process 
seems questionable, for two centers of unsaturation present in sulfuric 
acid are both semi-polar (p. 1827) double bonds, and it is doubtful 
whether they are amenable to additions comparable with additions to 
0=0 or C=C. The addition product would have an electronic structure 
characterized by a shell of twelve electrons surrounding sulfur, and such 
a structure seems subject to question. 

No very satisfactory conclusion can lie drawn from this survey of 
two characteristic substitution reactions, for it appeal's that the mecha¬ 
nism of the processes is still an open question awaiting further experi¬ 
mental investigation. 

144 Konowalow, Her., 28. 1S52 (1893). 

147 MarkownikofT, Ann., 302, 15 (1S98). 
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Halogenation and the Friedel-Crafts Reaction (p. 553). The idea 
that the catalyzed bromination of benzene may proceed through an addi¬ 
tion to the unsaturated nucleus and an elimination of hydrogen bromide 
was suggested by Armstrong *«• at an early date, and a number of obser¬ 
vations have accumulated which seem to support the hypothesis. Abun¬ 
dant analogy can be found in the aliphatic series for the 1,2- or 1,4- addi¬ 
tion of bromine, and there are substitutions which seem to occur by an 
addition-elimination mechanism. a,a-Diphenylethylenc u andtnpheny - 
ethylene,'" for example, yield substitution products on brom.nat.on at a 
somewhat elevated temperature, and an intermodule add.t.on product .s 
sufficiently stable to be isolated only in the case of the latter hydrocarbon. 
Furthermore, definite and well-characterized halogen-add.turn products 
are known in the aromatic series. Phenanthrenc react. «a h brom.ne m 
carbon disulfide in the cold to give the crystallme 9,KM.brom.de, and 
this decomposes on being heated with the formation of 9-b.o.nophenan- 
threne and hydrogen bromide. Anthracene adds bronune at a tempera¬ 
ture well below zero, and the 9,KM.brom.dc decomposes at . 00 ... 
temperature. Somewhat more stable dibronudos of a-l.aloan hracenes 
have been prepared, 1 " and anthracene d.chlonde has been well cl.a.a.- 
terized.'" The isolation of a similar addition product ... the furan sem» 
is reported by Gilman and Wright.'" Benzene itself forms add.t.on 
products with chlorine and bromine, although ... tins case three moU- 
cules of halogen invariably are absorbed and'..termed.ate Products are 
unknown.* Ferric bromide, and other metal halides and l.alogu ca.- 
riers promote the formation of bromobenzene, but .11 the absence of such 
catalysts benzene Ls converted into the hexabrom.de, the adcht.on reac- 
tion proceeding particularly rapidly in the sunlight. 

It wou d appear possible on the basis of the forego.ngobservat.ons 
that in any easXnzene and bromine first con.b.ue, probably reversibly 
to form a l,2-(or 1,4-) dibromide, and that the fate of ^ unsaturatM 

unsaturated intermediate rapidly absorbs two additional rnolcs of hro- 
mine, but if ferric bromide or a sim.lar substance ls present tins eataly zes 

>« Armstrong, J. Chrm. Soc.. 51. 2S« <1SS7). 

'«• >«■ <•«>•>= ■— •- dB "- 37 - ,4SS 

(,0 n.’Bamctc ...d Cook. V. CA~. -Soc.. 1M. -0S4 ..<*«; B.rnot. u..d Mu.hcw., It., 

trav. chim., 43. 630 (1924). 

*" Meyer and Zahn. Ann.. 396. 171 <1«»3). 

•^r refere^cw'to'work^on 4 mixed halides, nee van der Linden. «» *«, 55. 282 

(1936). 
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the elimination of hydrogen bromide and a stable substitution product 
results. There are some indications in the chemistry of aliphatic halogen 
compounds that metal halides can function in the manner postulated. 
Gustavson observed that, in the Friedel and Crafts reaction with ben- 


H Br 



zene, n-propyl bromide yields isopropylbenzene, and Kekuld showed 
that this is because the normal halide is converted into the isomenc 
halide under the influence of the aluminum bromide employed to effect 
the condensation. Presumably the isomerization is the result of the 
catalyzed elimination of hydrogen bromide, and re-addition, and Kerez 
reported that propylene can be obtained on conducting the isomerization 
at an elevated temperature. Victor Meyer 157 observed that on bromina- 
tion of aliphatic halides in the presence of ferric chloride or antimony 
pentachloridc the second halogen invariably enters a position adjacent 
to that occupied by the first, and he considered that the reaction probably 
proceeds as follows: 

RCHaCHBrR' RCH—CHR' —RCHBrCHBrR' 


The plausibility of the classical addition-elimination theory as applied 
to bromination has been the subject of much debate, but only recently 
has the validity of the mechanism been submitted to direct test. The 
matter hinges on the question of whether a dibromide is a necessary 
precursor of a given bromo-substitution product, and, although the 
dibromide of benzene is not available for experimentation, there is no 
theoretical objection to the use of the crystalline 9,10-dibromides oi 
phenanthrenc and anthracene to settle the point at issue. Price Xb3 under- 


,M Sco Wagner, Bcr.. 11. 1251 (1S78). 

Kekul6 and Sckrdttcr. Bcr.. 12. 2279 (1879); Gustnvson, Bcr.. 16, 958 (1883). 
Kerez. Ann., 231. 2S5 (1S85). 

«« Moyer and Mttller. J. jtrakl. Chen,., [ >) 46. 182 (1S92); Meyer and Pctronko- 
Kritachenko. Bcr., 25. 3304 (1892). 

Price. J. Am. Chem. Soc.. 58. 1834, 2101 (193G); see also, Ficscr and Price, ibid - 
18, 1838 (1930). 
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took an investigation of phenanthrene dibromide with this end in view 

hibited by sx ^ atoms of hv drogen to combine with bromine 

a“and break the chain, reverting thereby to stable compounds (tetra- 


C»H # 


CH 

II 

CH 


+ Br «=* C«H» 


CHBr jjr^ 
CH. *"~ 


C, 2 H 8 j 


(CHBr 


CHBr 


+ Br 


( 1 ) 


phenylhydrazine, ^hain length decreases wit^ in- 

=5?iS£: 

SKSi t h h at ZS&X a photochemical, oxygen-catalyzed re- 

acti ° n ' . .. „ th „ influence of various halogenation catalysts, 

On investigating n ridc antimony pentachloride, stannic 

chloride, iodine, and »»m* lar • hvdroRen bromide, when added to a 
tion, as indicated by the the dibromide. Some 

solution containing phena rcacli on as well, and the effect 

of these reagents mfluenee ^ addition of bromine. Iodine 

may be either to aciclcra hrcnc dibromide, probably by inter- 

inhibits the formation of i . i, u # ;» o C ts as a typical 

acting with chain-propagating^ bromi 1 of 9 . bromop henan- 

catalyst o the reacUon leadingtoth ^ mQsl important 

threne and the l ^“ d ° tclTOin e whether these products arise from the 
point at issue ".^ 0 f Mthrcn , dibromide or by some other route, 

direct decomposition of pi toncUl sion. The pure dibromide is 

and the results supported to , hc equilibrium mixture 

stable in solution at 25 unlpss a trMe of frec bromine is 

containing phenanthrene a j ^ ( so , ulion of thc purc dibromide pro¬ 
present. The addition o hmmidc Ls liberated only after a trace of 

duces no change, and Mj; f HBr . format ion is then no 

free brom ne has been iod H^ ; equivalent amounts of 

.» Kharaach, WUW. and Mayo. Or 0 . ««».. *. 574 (1938,. 
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produced by the elimination of hydrogen bromide from the addition 
product, and indeed when phcnanthrcne dibromide is treated with potas¬ 
sium acetate-hydroxide in methanol solution it yields phenanthrene 
rather than 9 -bromophenanthrene.' 60 The addition-elimination theory 
seems to be definitely excluded by these observations, and it appears that 
the dibromide is not a necessary precursor of the substitution product 
but that it probably is formed from a radical or ion. If a radical is 


Ci,H 8 


CHBr 

+ AaBr* —► Ctslii 

CH •• 


CBr 

II 

CH 


4 - HBr + A a Br 6 -i (2) 


involved in the first phase of the reactions, a catalyst A may function in 
combination with bromine as a hydrogen acceptor and so influence the 
rate of substitution (2). 

Price notes that the substitution can be interpreted equally well on 
the assumption that the essential intermediate subject to influence by 
catalysts is a coordinative complex of a type suggested by Pfeiffer and 
Wizinger. 161 These authors observe that the usual catalysts (FcBr*, 
A1C1 3 , SbCl«, S 11 CI 4 , I 2 ) are all substances capable of forming complex 
anions with chlorine or bromine, and they postulate the formation of 
polar complexes of the type indicated in formula I. It is considered that 



the ionic charge is only weakly developed except when polar groups are 
present in the ring, and that such groups by repulsion or attraction deter¬ 
mine the localization of the charge and hence fix the orientation (see 
below). The formulation is supported by the isolation of complexes as 
intermediates in the bromination of a,a-di-(p-dimethy!nminophenyl)- 
ethylcnc, for example, {[(CH^oNCcH.!——CH 2 Br)Br 3 . Accord¬ 
ing to this theory, the bromination of phenanthrene follows the course 
indicated in scheme (3), where A is the catalyst molecule. 

C,,H ‘{!h + Br ’ + A "* [Hr J ABr ” “* C,sIU {J!:h + HBr + A (3) 

,eo Ficaor, Jacobsen. and Trice. J. Am. C'/um. Soc.. 58. 2163 (1036). 

»•« Pfeiffer and Wizinger. Ann.. 461. 132 (1928). See also Pfeiffer and Sehncidcr. J. 
prakt. Chem., [2\ 129. 129 (1931): Wizinger. Z. angcic. Chrm.. 44. 409 (1931); ibid.. 46. 
766 (1933); Meerwcin. ibid.. 38. 815 (1925). 



183 


AROMATIC CHARACTER 

The conclusions regarding halogenation probably are applicable to 
the Friedel and Crafts reaction, for there is considerable correspondence 
in the two processes. Both reactions proceed under the catalytic influ¬ 
ence of specific metal halides, and hydrogen halide is a product of both 
substitutions. 162 In the catalyzed reaction of acid chlorides, there is 
some analogy in the action of these substances and of bromine on com¬ 
pounds containing isolated double bonds. Darzens '“ observed an inter¬ 
mediate addition in the reaction of acetyl chloride with cyclohexene^nd 
the chloroketone II was further characterized by \\ icland and Bettag. 


HiC CH cil>COCl 

H,i &h 

N^h/ 


AICI. 


\UC^ \ticoch 
Iii inci 

n 


/° H *\ 

MCb H S C CCOCHj 

—'‘Hi &. + HCI 

\ch/ 

III 


The addition occurs at a tempeiature of - >8° and, at a somewhat higher 
temoerature in the presence of aluminum chloride, hydrogen chloiid. is 
SS and the unsaturated ketone III Is produced. The analogy to 
the addition of bromine to an alkene and to the catalytic dccoinpoM ion o 

t • • i Thn Hai-zcns reaction lias Ih*cii adapted to.*\vntIn tu 

anient method of effecting cychzations. 
Because of the reactivity of the Isolated cthylenic linkage .as compared to 
a benzenoid double bond, the milder condensing agent stannic chloride is 
usually employed to effect the addition, and hydrogen chloride ,s elimi¬ 
nated with the use a S C ‘fS^Xre are important differences in the 

however, Uoe. of ;l | im ,inum chloride required for the roac- 

of the fact, that fraction of that which must be used 

ion w,th alkyl ha d- only a of a „ anhvdrid , In lhc typical 

to effect condensation in h ana J ^ chloridc and reaction 

Fncdel and Crafts c . ompk3tes w hich are stable in the 

anl^'drous'reaction'mblturc, and it Is necessary to employ at least one 

162 Schaarscbmidt. Z. -rr. 

'•* Darzcnt*. Com pi. rend.. 160.nL, 

Wieland and BottaR. /*"• 55. *• -- • 

Cook and Lawrence. C**- 1037 



ORGANIC CHEMISTRY 


184 

full equivalent of the metal halide. A number of these complexes were 
isolated by Perrier, 164 and Kohler 167 found from boiling-point and freez¬ 
ing-point determinations that the Perrier compounds invariably are 
composed of two molecules of the carbonyl compound and one ( double”) 
molecule of aluminum halide: Al 2 Xe -2RCOC1, and Al 2 X6*2R 2 CO. 
It was established further that the complexes are not formed by addition 
to the carbonyl group, for aluminum halides form double compounds 
with ethers as well as with carbonyl compounds. With this observation, 
Kohler characterized the Perrier compounds as oxonium salts, and the 
work was confirmed and extended by Pfeiffer. 168 Kohler employed the 



noncommittal formulation IV, for the benzoyl chloride complex, and a 
possible interpretation is given in formula V. 

Oddly enough, instead of playing an essential part in the ketone 
synthesis, these complexes if anything hinder the reaction. This Is 
particularly true of the double compound of the ketone formed in the 
condensation. It is because the ketone binds aluminum chloride so 
firmly as to render it unavailable for catalysis that a molecular equivalent 
of the halide is required to complete the reaction. The complex from the 
acid chloride, although it is not measurably dissociated in boiling carbon 
disulfide solution, appears to be somewhat less stable, for Olivier 169 
found that the addition of benzophenone to a solution containing the 
Perrier compound from benzoyl chloride and aluminum chloride pre¬ 
vented the reaction of this compound with benzene. The ketone evi¬ 
dently abstracts the metal halide from the acid chloride complex. Olivier 
observed further that a slight excess of free aluminum chloride has a 
stronger catalytic action than that bound by the acid chloride. The 
Perrier compounds therefore arc not concerned with the actual substitu¬ 
tion reaction, and their formation in the course of one type of Friedel 
and Crafts condensation is fortuitous. 

Many years ago Gustavson 170 isolated labile complexes from benzene 
or toluene and metal halides, for example AlBr 3 *3CoHo (or possibly 
Al 2 Br 0 -6CoH 0 ), and he suggested that these secondary valence com¬ 
pounds may activate the ring for reaction with halogens. The idea was 

Perrier. Compl. rend.. 116. 1140. 1298 (1893); 119. 276 (1894). 

Kohler. Am. Chcm. J .. 24. 385 (1900) ; 27. 241 (1902). 

i«s Pfeiffer and Hanck. .4n»*.. 460. 156 (192S). 

«• Olivier. Chcm. Wcckblad. 11. 372 (1914). 

170 Gustavson. Bcr., 13. 157 (1880); 16, 784 (1883). 
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later elaborated and applied to the Friedel and Crafts reaction by 
Schaarschmidt, 162 but there is as yet no evidence that such complexes 
play a part in the actual reaction. Since Gustavsons complexes arc 
stable only at a temperature considerably below that ordinarily main¬ 
tained in the reactions, it is indeed unlikely that they arc concerned with 
the substitutions. If intermediate complex formation constitutes an es¬ 
sential step in the substitution, this more probably involves a combination 

between the organic halide, the metal halide, and the hydrocarbon. 
From anthraquinone, a carbonyl compound incapable of undergoing the 
Friedel and Crafts reaction, Kohler 167 succeeded in isolating a complex 
containing three components, Al 2 Br 0 CmH 8 0 2 ^CeHo. When a reac¬ 
tive carbonyl component (acid chloride, anhydride) is used it is possible 
that a similarly constituted but labile complex is formed. In view of Un¬ 
clear analogy between the Friedel and Crafts reaction and the process of 
catalytic halogenation, the most plausible formulation is perhaps that of 
Pfeiffer and Wizinger. 

+ »c, +*.»-[Os]>' c, -- , Qu +!i,a + “• 


Reactions of Phenols and Amines. Certain substitution reactions 
are so specific to phenols and amines, in contrast to other^aromaticr im¬ 
pounds, that it will be well to consider the possibility that they follow 
a course different from other substitutions. Ihe coupling reaction and 
the related processes of nitrosation and condensation with p-n. roso- 
dimethylaniline, fall into this category; other specific substitutions in¬ 
clude the rapid, non-catalytic halogenation of phenols and amines in 
dilute solution, the condensation of these substances with aldehydes, 
and the formation of various types of C-.lkyl.derivatives It ^signifi¬ 
cant that all these reactions are characteristic as well of the ahphatc 
enols, and the mechanism probably is essentially the same ^th the two 
types. The possibility “ that the substitution reactions of either the 
phenols or their aliphatic prototypes is associated in any way with 
a process of tautomcrism may be eliminated. Dimroth examined 
several pairs of aliphatic keto-cnol teutonics which were known not 
to undergo appreciable change under conditions suitable for coupling 
experiments (in alcohol at 0*) and found that only the enol.c fonns react 
with p-nitrobenzenediazoic acid: C(OH) , “* ' 

C(N=NAr)—. The examples included one pair of a near-aromatic 
type, l-phenyltriazolone-5-carboxylic acid (la) and the corresponding 


1,1 Thiclo, Ann., 306. 129 (1899). 
m Dimroth, Ber., 40. 2404 (1907). 
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enol. While the keto form (la) failed to react, the enol (16) coupled 
with displacement of the carboxyl group. 



c 6 h 6 n- 

I 

N 


CCO*H 


COH 


Nn/ 

16 


A test of the point in the aromatic series became possible with K. H. 
Meyer’s ,73 isolation of the pure tautomers anthranol (Ila) and anthrone 
(lib). While phenols and naphthols show little tendency to ketonize, 
the isomerization of the 9-hydroxy derivative of anthracene is favored 
both by the reactive o-quinonoid structure of the enol and by the sta¬ 
bilizing influence on the central nucleus of the keto form exerted by the 
two flanking benzene rings. The cold solution in alcohol contains at 
equilibrium 89 per cent of the nearly colorless, lion-fluorescent anthrone, 
while pyridine produces complete isomerization to anthranol, a yellow 
substance which is strongly fluorescent in dilute solutions. Acetone, as 


OH O 



compared with alcohol, displaces the equilibrium in favor of the keto 
form. In suitable solvents, and in the absence of acids or bases, the 
change from one form to the other occurs sufficiently slowly to enable 
tests to be made of the reactivity of each tautomer, and Meyer found 
that anthranol alone enters into reactions characteristic of phenols. 
Anthranol couples easily with diazotized amines and is oxidized at once 
to dianthronc, while anthrone reacts in each case only to the extent that 
it isomcrizcs under the conditions of the experiment. There is no justi- 
ficatron for attempting to associate the special properties of phenols and 
amines with the evidently fortuitous fact that these compounds theoreti¬ 
cally are capable of reacting in tautomeric forms, for in a test case it is 
established that the kctonic modification is wholly devoid of reactivity. 

Another possibility is that the mobile hydrogen atoms of the OH 
and NIIo groups suffer temporary replacement by the substituting radi¬ 
cal. The substituent may first- enter the hydroxyl or amino side chain 


Moyer, Ann., 379, 37 (1911). 
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and then rearrange to the nucleus, and the hypothesis that the character¬ 
istic reactions proceed by an indirect substitution 174 or “side-chain 
catalysis” is lent plausibility by the fact that certain substitutions 
definitely follow the course of a true intramolecular rearrangement. A 
case in point is in the preparation of sulfanilic acid from aniline sulfate. 
Bamberger' 76 showed that the aniline sulfate loses water on being 
heated and gives phenylsulfamic acid, IV, which can be prepared also by 
condensing phenylhydroxylamine with sulfur dioxide, the product being 
isolated as the stable sodium salt. On moderate heating, the sulfonic 
acid group of IV migrates to the ring to give orthanilic acid, V, which, at 
a higher temperature (180°), rearranges to the 7 >-isomer, VI. The forma¬ 
tion of ortho and para compounds is in marked contrast to the production 
of metanilic acid by the direct sulfonation of aniline sulfate with fuming 
sulfuric acid. The rearrangements were interpreted by Lapworth “ 6 in 



terms of his cr l7 -nile, which in this connection has no theoretical implica¬ 
tions other than the assumption of the Kckul* formula but which is of 
great value in correlating a large number of intramolecular shifts In the 
enol - keto change, or the reverse, hydrogen migrates from the «- to 
the 7 -position, with transposition of the double bond to the original a,0- 


O—C—CHCOjR O“C-CHiC0,R 0) 

a 0 1 y 0 a 


OH 

RCHCH—CHt + HC1 — RCH=CHCH,Cl + 11,0 (2) 

a 0 1 

position (1), while in the allylic rearrangement (2) a similar process 
occurs in the course of the exchange of groups. In the case of an amine 

"•van Alphcn, «... ch„n.. 4$. 804 (1927,. S«. »!»., lll»,,k»m», M.I.. 21. 281 

<W ™ Bamberger and Hindcrmunn. U,r.. 30. 054 (1897,; Bamberger and Kuna, Zi.r.. 30 
2274 (1897). 

”• Lapworth. J. Chcm. Soc.. 73. 445 (IHVS). 
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or phenol derivative, the or, 7 -migration of the group A is followed by an 
«, 7 -shift of hydrogen in the reverse direction. The para position is 



reached by a second migration in the new a, 7 -system. This interpretsr 
tion accounts adequately for the fact that meta derivatives are never 
formed by true rearrangements. 

Other examples of rearrangements (p. 965), with indications of the 
nature and direction of the migrations, are given in the accompanying 
formulas. 

NH |NOt| 0 |SO a H| NH lOHl NH|CHj) 

cj) cj?" 

In the first three, rearrangement is brought about at low temperatures 
by treatment with acids; N-mcthylaniline rearranges when the hydro¬ 
chloride is heated to about 300°, while migration of the tnphenylmethyl 
group occurs at 160° in the presence of zinc chloride. The question of 
whether reactions of this type proceed by a true intramolecular migra¬ 
tion or intcrmolccularly has been investigated particularly with reference 
to the conversion of N-chloroacctanilide into p-chloroacetanilide under 
the influence of acids. From an extensive study of the problem, Orton 




and co-workers * concluded that in aqueous acid solution the chloro- 
amine suffers hydrolysis, CoH 5 N(C1)COCH 3 + HC1 —> C0H5NHCOC 3 
4. Cl 2 , and acts as a source of chlorine for a nuclear substitution. Olson 


•The principal evidence is summarized in the following papers and reviews: Orton 
and Jones. Brit. Assoc. Advancement Sci. Repts .. 1910. p. 85; Orton 
J. Chcm. Soc., 998 (1928); Ingold. Ann. Repts. Chcm. Soc. {London). 24. 154 (19Z7). 
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and co-workers 177 studied the rearrangement in the presence of radio¬ 
active hydrochloric acid, however, and concluded that the reaction 
proceeds partly as suggested by Orton and partly by a more complex 
process . 178 Bell 179 has reported that in non-dissociatmg solvents the re¬ 
action is probably intramolecular. 

A particularly clear distinction between rearrangement and direct 
substitution can be made in the case of the formation of o-allylphcnols 
by the methods discovered by Claiscn.'“ Claisen found that potassium 
phenolate can be converted by the action of allyl bromide largely into 
either the O-allyl or the C-allyl derivative according as an ionizing or a 
non-ionizing solvent is employed, and he also observed that the allyl 
ether VII rearranges to o-allylphenol (VIII) on being heated. 





OCH 2 CH=CH 2 


VII 


1 Heaton 



VIII 


\:h.cii=ch, 


From these facts alone it might lie s.,ppos«-d that ... the course of rear- 
tion in benzene solution the ether is formed and rearranges to the nuclca 
substitution product VIII, but it was found that the ether does not 
rearrange under the conditions of the alkylnt.on. An absolute proof of 

O fill 

/ \H, CH. 

^cii kA / CH 

CH ix CH 

| I 

CjH t OH + RCH=CHCH,Br R R 


n 'ch,ch=chr 



1,7 Olson, Porter. Long, and Halford. J. CW •». 2467 " 938 '- 
Olson and Bornei. J. Om. Che... 3. 70 (19.1S). 
m Ben. J. Chen,. So,.. UM Ctab». Kromcrs. Ro.b, and Tiotre 

Claisen, Z. onjw. C*on.. . 81 (1920). See Torbcll, Chem. Rev 

Ann., 442, 210 (1925); Claisen and Tictze. Ann.. > 

VI. 405 (1940). 
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the point is furnished by introducing a marking substituent in the allyl 
group, for then the product (IX) obtained by O-alkylation and rear¬ 
rangement is found to have the alkyl group in the a-position of the allyl 
chain, whereas the direct alkylation in benzene gives a ^-substituted o- 
allylphcnol, X. The Claisen rearrangement may proceed through an 
a, 7 -shift, or allylic transformation, with respect to both the nucleus and 
the hydrocarbon group , 181 but it is evident that the process is entirely 
distinct from that of direct C-alkylation. A knowledge of the course of 
the former reaction consequently is of no value in elucidating the mecha¬ 
nism of the substitution. The same distinction exists between the rear¬ 
rangement of allyl ethers of aliphatic cnols and the C-allylation of the 
enols. With respect to direct substitution, the enols differ from the 
usual phenols only in being sufficiently reactive to yield C-alkyl deriva¬ 
tives with saturated alkyl halides, while phenols react in this way only 
with the more reactive 0 , 7 -unsaturated alkyl halides. In the case of 
anthranol, however, the distinct ion vanishes for, owing to the enhanced 
reactivity of the central nucleus, C-alkylation occurs in part in the reac¬ 
tions with methyl and ethyl iodide. 

A direct C-alkylation probably is involved also in the first step of 
the* Reimer-Tiemann reaction, in the manner indicated in the formulas. 
The succeeding steps have been established definitely by Armstrong. 18 - 



OK 

CL 


H*SO« 


'CH(OCVU)* 

in nlkuli) 



Although the dichloromcthyl derivative of phenol has not been isolated, 
evidence that such an intermediate is produced is afforded by the work ot 
von Auwers, 1 ” who discovered an interesting type of by-product in inves¬ 
tigating the reaction of chloroform with various alkylated phenols in 


Lit tier :m<! Filbert. J. Am. Chen. Soe.. 58. 13SS (1930); I-auer und U.iK.iado. ibid,. 
58. 1392 (1930). have reported the unomalou* rearrangement C 4 H *(>( H-C H—t llCilit n» 
— C*II«(OH)CH(CH i)C'lt=< *HCH». 

11,2 Armstrong nnd Richardson. J. Chcm. Snc.. 490 (1943). 


I S3 


.. Auwerannd Wintcrnit*. Her.. 35. 405 (1902); v. Auwcru and Keil. Brr.. 35. 4207 
(1002). Woodward. J. Am. Chen. Soc.. 62. 120S (1940). has applied the reaction to the 
synthesis of polynuclear compounds having angular methyl groups. 
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alkaline medium. p-Cresol, for example, was found to yield in addition 
to a hydroxyaldehyde a considerable quantity of a crystalline compound 
which was fully characterized as the chloroketone XI. The substance is 
hydrolyzed only with difficulty, it reacts with the usual ketone reagents, 
and on reduction it yields p-cresol and methylene chloride. Rather than 
block this form of substitution, alkyl groups seem to promote reaction at 
the point of their attachment to the nucleus, and the chlorokctones are 
sometimes formed in yields as high as 40 per cent of the theoretical 
amount. The formation of these compounds shows clearly that the 
entrance of the dichloromethyl group into the ring, as supposed above, is 
possible. The observation also provides a significant clue regarding the 
mechanism of C-alkylation, and consequently of the other specific substi¬ 
tution reactions of phenols and amines. The chloroketone XI cannot 



arise by a process of direct replacement, and a condensation of chloroform 
with the keto form of p-cresol Is excluded by the evidence presented 
above and by the fact that the reaction is conducted m a strongly alkaline 
medium. The reaction must involve some form of addition of chloro¬ 
form to the unsaturated nucleus, followed by the loss of potassium 
chloride. The reaction is particularly significant lwcatwc it involves the 
transformation of an aromatic ring into a dihydrolxmzcno.d ring * 
Such a change is observed frequently with the polynurlcar compounds 
but, because of the adverse energy relationships, is rarely encountered 
in the benzene series. The occurrence of the addition is particularly 
remarkable because an alternate path is open leading to the formation 
of the o-hydroxyaldehyde. For these reasons this case of addition can 
hardly be dismissed as an abnormal side reaction but must be regarded 
as intimately associated with the process leading to the more usual 

C-alkylation. .... , 

The coupling reaction of amines and phenols and the process of 
nitrosation arc appropriately considered together. 1 he s.mdunty bc- 


• It i. important -o note .La. .Ik- ehlorokeUme XI doc no. have a <.umono.d .tructure. 

(or only ono ol .wo porn ebon a..- doubly bound U. imo.hcr demon.. I ho degree o 

'maturation and conjugation is oo.-idon.My I— <h»n that ol a ..mnono or a 1«mono.d 
compound and .ho ».b»tonoo - eolorleos. The correspond,„g qumol (OH ... placo of 
CHClj) is likewise colorless. 
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tween these two processes extends to the conditions and limits of the 
reactions, the orientations, and the structures of the reagents, at least in 
the forms HO—N=0 and HO-N=NC 6 H 5 . The latter formula is that 
of the substance resulting from the hydrolysis of benzenediazomum 
chloride. [C.H.N—NT + OH" ** C 6 H 6 N=NOH (the hydrolysis con¬ 
stant at 0° is 1.25 X 10 -3 ).* In the early literature the substance was 

termed benzenediazohydratc or benzenediazohydroxide, but, since it is a 
weak acid comparable with nitrous acid and forms metal salts which are 
called diazotates, the name benzenediazoic acid seems preferable. Go- 
nant and Peterson 164 studied the kinetics of the coupling of diazotized 
amines with phenols in the region pH 5-8 and found that the rate of the 
hi molecular coupling reaction increases regularly with increasing hy¬ 
droxyl-ion concentration. The amount of aryldiazoic acid present in 
equilibrium with the diazonium ion increases with increasing pH, and 
Conant and Peterson interpreted their data as indicating that coupling 
occurs between the aryldiazoic acid and the undissociated phenol. Gold¬ 
schmidt 18i had observed in qualitative experiments that alkali in excess 
has a retarding influence on the reaction, and this could be due partly to 
the removal of the phenol from the equilibrium as the phenoxide ion and 
partly to a decreased concentration of the aryldiazoic acid by virtue of 
its acidic ionization. Wistar and Bartlett,■“ however, have pointed out 
that the results agree equally well with the hypothesis that coupling 
occurs between the diazonium ion and the phenoxide ion. These inves- 
t igators studied the rate of coupling of diazonium salts with amines in the 
pH range 2-0 and found that the velocity at first increases with increasing 
pH and then reaches a plateau value. Their kinetic data are consistent 
with only one plausible interpretation, namely, that the coupling is be¬ 
tween the diazonium ion and the free amine. Although the quantitative 
studies hew not been extended to the alkaline range, it. seems probable 
that in nil c the diazonium ion constitutes one of the active coupling 
components : «d that the second component is the free amine or the 
phenoxide ion. In the following discussion of the general problem the 
aryldiazoic foi .mintion is used both as a matter of convenience in out¬ 
lining earlier \\ ;ws and in order not to lose sight of the marked analogy 
between the processes of coupling and of nitrosation. 

The possibility that the coupling of a phenol proceeds by attachment 
t, the diazo group to oxygen and subsequent rearrangement of the diazo 


* |.* or a review of the properties and structures of the diazo compounds, see Saunders. 
• . ».«. Aromatic Diazo Compounds," Longmans. Green and Co.. London (1930). pp. 173 
n Conant and Peterson. J. vim. Chcm. Soc.. 62. 1220 (1930). 

: > Goldschmidt and Men. Her.. 30. 670 (1897); Bcr.. 36. 3534 (1902). 

*' Wistar and Bartlett. J. Am. Chcm. Soc.. 63. 413 (1941). 
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ether was discussed as early as 1870 by Kekute, 1 * 7 and the hypothesis 
was given prominence by Dimroth’s 168 discovery of ethers of this type. 
From the enolic form of tribenzoylmcthane (potassium salt), Dimroth 
obtained a yellow diazo ether which isomerizes when heated above the 
melting point to a red Oazo compound. From the interaction of p- 

Ojj O—N=NC«H& 

C«H t C=C(COC.H 6 )j + HON—NC«H» -> C.H,C—C(COC.Hi)« 

O N=NC«Ht 

II I 

C»H,C—C(COC*Hs)s 


Hot 


bromobenzcncdiazoic acid and p-iiitrophcnol in the presence of soda 
and alcohol, he succeeded in preparing the labile diazo ether XIII. 
The substance Is easily cleaved by acids to p-nitrophcnol and a p-brmno- 
benzenediazonium salt, it gives up the diazo group to d-naphtho with 
liberation of p-nitrophcnol, and it is converted into a true o-azophenol, 
XIV, on being heated gently. That the ether is sufficiently stable to be 
isolated is probably due to the influence of the nitro group m rendering 
the aromatic ring less susceptible to the entrance of the diazo group, but 
Dimroth recognized that the use of the rather strongly acidic p-mtro- 
phenol has the theoretical disadvantage that the product may be merely 
a diazonium salt |BrC 0 H,N=Nl+O a NC«H<O-. In a later investiga¬ 
tion,"* however, it was found that the substance has very little conduc¬ 
tivity and consequently is not a salt. A true diazo ether was prepared 


N—NC«II«Hr 




also from the weakly acidic pentamcthylphcnol in which nuclear substi¬ 
tution is impossible, the other component being the 

diazonium salt from 4 -bcnzoylamino-l-naphll.ylamme. 1 he properties 

of the substance arc essentially as outlined above, and the conductn ity 
is negligible. The product obtained from picric acid, on the other hand, 


,w KckulC- and Hidcih. Her.. 3. 233 (1870,. 

,M Dimroth and Hartmunn. Her.. 41. 40\2 : ( IWS). 

,M Dimroth. Lcichtlin. and Friedcmann. B>r.. 60. 1534 (1017,. 
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proved to be a diazonium salt and not a diazo ether. Diazo ethers have 
been prepared also from 1 -halo-2-naphthols. 150 

While the Isolation of diazo ethers seemed to Dimroth to support 
the hypothesis that the ordinary coupling reaction proceeds through the 
formation and rearrangement of an intermediate ether, no evidence has 
been presented to show whether these substances are essential to the 
coupling process, or merely incidental products formed in an independ¬ 
ent reaction. By analogy with the similarly constituted N-azo com¬ 
pounds, it may be inferred with reasonable assurance that they are 
not concerned in the actual process of substitution. Diazoanunobenzene 
(XV) results from the interaction of benzenediazonium chloride and 
aniline in a neutral or alkaline medium, and it is reconverted by hydro¬ 
chloric acid into the components, or their transformation products. 
Conversion of the N-azo compound into p-aminoazobenzene (XVI) 
can be brought about in a solution of the substance in aniline containing 
aniline hydrochloride or in an alcoholic solution of hydrochloric acid, 
zinc chloride, or calcium chloride. The reaction is unimolecular m 
and subject to acid catalysis, but the acidity must be kept below the 
point of total cleavage. The chief reason for believing that the reaction 
docs not follow the course of an intramolecular rearrangement is that the 
diazo group can be captured by a foreign amine which has a sufficiently 
greater susceptibility to nuclear substitution. 1 " When submitted to 


(CJliNHjCT) 
-> 


XV XVI 

“rearrangement” in the presence of dimethylaniline, diazoaminoben- 
zene yields a considerable amount of p-dimetliylaminoazobenzene. The 
C n H 5 N=N— residue also can lx* transferred from diazoaminobenzene to 
the more reactive nucleus of m-toluidine. 1 * 3 Of further significance is 
the observation of Iv. II. Meyer m that the direct coupling of primary 
amines of the benzene series, without the preliminary formation of a 
diazoamino compound, can be realized by using a particularly reactive 
diazo component, by employing an amine of enhanced reactivity, or by 
conducting the reaction in a medium of such acidity that the N-azo 

*•<> Itowo mid Peter*. J . Chrm . Soc., 10G5 (1931). 

»*' Goldschmidt and Ucindors. Her.. 29. 1309. 1899 (1890) ; Goldschmidt and Salchcr 
Z. physik. Chrm.. 29. 89 (1899). 

‘•a Rosenhauvr and Uimer. Her., 61. 392 (1928). 

•» s Meyer. Ber.. 54. 2205 (1921). 
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compound is not stable. Examples of these processes are found in the 
formation of aminoazo compounds, rather than diazoamino derivatives, 
in the following cases: p-nitrobenzenediazoic acid + aniline, benzene- 
diazoic acid + m-toluidine or m-phcnylenediamine, benzenediazoic acid 
+ aniline (in aqueous formic acid solution). As stated in an earlier 
section, direct coupling even in a neutral medium is the rule with the 
primary amines of the naphthalene series, owing to their reactivity. 
These observations all indicate that N-azo and C-azo compounds are 
formed in independent reactions. The apparent “rearrangement" of 
diazoaminobenzene probably involves acid cleavage to the diazomum 
salt and the amine, followed by a more rapid recombination of the com¬ 
ponents to give the nuclear substitution product. Since the arid concen¬ 
tration would remain constant in a given experiment, the rate-controlling 
reaction would be unimolccular. It is concluded that N-azo compounds, 
and by inference O-azo compounds, arc not essential to the actual process 

of substitution in the coupling reaction. 

In addition to the evidence that an indirect substitution is not in¬ 
volved in the coupling of phenols and primary amines, it is significant 
that tertiary amines, with which intermediate substitution in the side 
chain is not possible, couple readily with diazo components, k. H. 
Meyer >« discovered that many phenol ethers also are capable of coup¬ 
ling, although combination takes place less readily than with the 
corresponding free phenols. Some augmentation of the driving force 
is required, and Meyer found that this can be accomplished by suitable 
activation of cither component. The introduction of nuclear n.tro groups 
or halogen atoms increases the coupling power of the d.azo component, 
while alkyl or alkoxyl groups in the mcla position enhance the reactivity 
of a given ether. Conducting the coupling in glacial acetic acid solution 
in the presence of sodium acetate, Meyer obtained azo compounds in the 
following typical cases: 

^OT^KS^UTtsMciiiol dimethyl ether or o-naplithol 

methyl ether (but not anisole) 
p-BrC.H.N-NOH + o-naphtlml methyl ether 
C«H 6 N=NOH + phloroglucinol tnnicthyl ether 

The acetyl derivatives of phenols and amines do not react under com¬ 
parable conditions. Nitrous acid was found to react with o-naplithol 

methyl ether with loss of the methyl group. 

The fact that many phenol ethers and dialkylamii.es enter into the 
coupling reaction even though they are incapable of forming intcr- 

Meyer and Lcnhardl. Ann.. 398. 71 (19131: Meyer. Imebiek. and Sehlaaaer. Brr. 
47. 1741 (1014). 
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mediate O-azo or N-azo compounds is a strong indication that such 
intermediates are not essential to the coupling of free phenols and of 
primary and secondary amines. There is little justification for supposing 
that phenol ethers couple by a path different from that taken by the 
phenols simply because they react somewhat less readily, since a high 
degree of reactivity is displayed by the dialkyl derivatives of aniline. 
As an alternate mechanism, applicable to the alkyl derivatives and free 
hydrogen compounds alike, Meyer suggested that coupling proceeds by 
an addition-elimination process. The para coupling of a free phenol is 
regarded as a 1,4-addition to the conjugated system of the nucleus, 
followed by the loss of water, either across the ring (3) or from the 
methylenedihydroxy group (4), and enolization. In the case of an 
ether, the second mode of elimination may take precedence and lead to 
hydrolysis, and indeed such a result frequently is observed. According 
to this view the function of the hydroxyl or amino group is simply to 
activate the unsaturated system for addition. In support of the sug¬ 
gested mechanism is the observation of Meyer that the methyl ether 
of 10-methyl-9-anthranol, XVII, reacts with p-nitrobenzencdiazoic acid 
to give a substance characterized as the methylarylnzoanthronc XVIII. 
Some form of addition to the reactive central nucleus evidently occurs 



in this ease, and according to the above scheme this takes the usual 
course (4) except that enolization cannot occur in the final step. 


0;NC*H*Nj0H 

(-CHjOII) 






XVIII 
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The observations of Meyer concerning the coupling of ethers were 
extended by von Auwers,' 95 who compared the action of p-nitrobenzene- 
diazoic acid on a large number of alkylated phenols and their ethers. 
The most significant outcome of this work was the recognition of a very 
interesting difference in the influence of substituent groups depending 
on their location in the nucleus. In agreement with the observations of 
Meyer, von Auwcrs found that alkyl (or alkoxyl) groups in the meta 
position to the functional group of a phenol or ether facilitate coupling, 
but he observed that alkyl groups in the ortho position had no activating, 
and perhaps a slight inhibiting, effect. m-Xylenol ether (XIX), for 
example, couples more readily than m-cresol ether (XX) or perhaps 
than o-ethyl-m-xylenol ether (XXI). Coupling occurs with the methyl 
ether of w-cresol, but not with that of o-cresol. 

The influence of a meta alkyl group is understandable, for this type 
of group would be expected to facilitate substitution at an adjacent 



position. It seems remarkable, however, that the substitution should 
be hindered by a group in the remote ortho position. I he blocking 
effect of an ortho group has not been definitely established in the phenol 
ether series but has been observed strikingly in the reactions of amines. 
While dimcthyl-m-toluidine (XXII) couples easily with diazotized am¬ 
ines, gives a nitroso derivative, and condenses with aldehydes these 
reactions fail entirely or proceed only slowly or under special conditions 


N(CHa)* 
X CH, 

XXII 



N(CH,), 

3 



XXIII 


in the ease of dimethyl-o-toluklino, XXIII."* * This amine docs not 
react with nitrous acid, with formaldehyde (except under forcing condi- 


”* v. Auwtn .nd MichacliM, Her.. 47. 127S (1914,; v. Auwer. and Bor»chc. Be,.. 48 
1710 (1915). 

,H Friedlaonder. MonaUk.. 19. 027 0*98). 

• For further example-. Gneh.n and Blumcr. Ann.. 304. 67 (1899). 



198 


ORGANIC CHEMISTRY 

lions), or with benzenediazoic acid, although a coupling can be achieved 
with the more active p-nitrobenzenediazoic acid. 1 " The same striking 
hindrance to the reactions has been observed *“ with the o-methoxy, 
o-chloro, and o-nitro derivatives of dimethylaniline, all of which behave 
exactly like the o-methyl compound. Friedlaender 196 noted an abnor¬ 
mality in the physical properties of all these unreactive compounds. 
While in the meta and para series there is a steady increase in boiling 
point on passing from the toluidine to the mono- and dimethyl deriva¬ 
tives, in the ortho series the dimethyl compound boils at a lower tem¬ 
perature (183°) even than the toluidine (198°). The monomethyl 
compound (207°) occupies a normal position and is normally reactive. 
The fact that ortho groups of different types exert a similar influence 
suggests that the effect Is of a steric, rather than a chemical, nature (see 

P Karrer IM reported experiments indicating that in the series of 
dialkylanilines large N-alkyl groups inhibit para nitrosation, and that 
one of the alkyl groups may be eliminated in the course of diazo coupling. 
In subsequent work, however, Hickinbottom and co-workers ■" suc¬ 
ceeded in obtaining p-nitroso derivatives of dibutyl- and diamylamlines 
and in effecting normal couplings of diazotized sulfanilic acid with the 
amines studied by Karrer, and with others having still larger alky 
groups. It nevertheless appears that para substitutions are repressed 
to some extent by largo N-alkyl groups as well as by other substituents 
Goldschmidt' 84 found that the velocity constant for the coupling of 
diothylaniline is only one-sixth that for dimethylaniline. As a possible 
explanation of both types of hindrance, Karrer suggested that coupling 
may involve the formation and rapid rearrangement of the intermediate 
ammonium salt XXIV. 


+ ArN—XOH 


XXIV 




Some analogy is afforded by the work of von Braun, 90 ® who observed a 

Bamberger. Ber., 28. 843 (1895); Bamberger and Mein.berg. B.r.. 28. 1S91 (1895). 
Karrer. Brr.. 48. 1398 (1915). , , 

im R«Uy and Hickinbottom. J. Chem. Soc.. 113. 99 (1918); Hickinbottom and Lambert, 

ibid., 1383 (1939). . B K1 

aoo v. Braun. Ber.. 49. 1101 (191G); v. Braun. Arkuszewski. and Kftlilcr. tier., oi, 


(191S). 
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parallelism in the ease of alkylation of substituted dimethylanilines and 
in the ease of p-substitutions of the compounds. Whatever plausibility 
this mechanistic picture may have as applied to amine coupling, it seems 
hardly admissible as an interpretation of the coupling of a phenol or 
phenol ether, for an oxonium salt can have little reality in an alkaline 

medium. ,, 

Another possibility is that coupling proceeds by some form of addition 
to the unsaturated system of the aromatic nucleus. The formation of 
ketonic products in the Reimer-Tiemann reaction, in the coupling of an 
alkylanthranol, and in the bromination and nitration of Substituted 
0 -naphthols points in this direction. Of further significance is K. H 
Meyer’s »» discovery that in certain cases coupling can be accomplished 
with compounds having no hydroxyl or amino groups. In the aliphatic 
series, azo compounds were obtained from butadiene isoprene, pipery- 
lene, and, particularly readily, from 2 , 3 -dimctl.ylbutadiene. 

CH2-=C(CH,)C(CH a )=-Cn a + HON—XC*H«NO *(/>) — 

CH*—C(CII*)C(CIIj)—CH—N—NC«H«NO*(p) + HjO 


With an active diazo component having one or txvom.ro groups coupling 
occurs readily in glacial acetic arid solution or ... alcohol. Smce the 
formation of the azo compound is recognizable from the appearance of a 
characteristic color, the reaction has been found useful as a test method 
for establishing the presence of a conjugated system of Imkages ... open- 

chain 202 and alicydic compounds. 20 * 

Meyer and Toel.termann »• found that the extremely react.ve d.azo- 
nium salt from picramidc couples rapidly with mes.tylene to give m good 
yield the azo compound XXV. 1- 1- South and Padcu » late, observed 



that pentamethylbcnzcne (XXVI) and Lsodurene (XXvlI) yield trini- 
trobenzencazo compounds, but that .be reaet.on fa.ls ... the ease of 

;s. ««'“>■ »•«>*«> *• 

Arbunov un<l Rafikov. ihid.. 7. 2105 «1017). 

so » I-'ioBer ami Campbell. J. Am. Chtm. -Soc.. 60. 169 (1938). 

104 Smith and Pudcn. ihid.. 66. 2160 (1034). 
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durene (XXVIII). In each of the three compounds which couple, a 
position in the ring is activated by the directive influence of two ortho 
groups and one para group, while durene lacks the feature of para direc¬ 
tion. Still more striking is the observation referred to in an earlier section 


h ’ c Vy chs 

H ’VV CH ’ 

h 3 c ^ 

Vy 

/CH 3 

H,c/V X CH a 

V X CH, 

H«C 

s ch 3 

CIIs 

CII 3 



XXVI 

XXVII 

XXVIII 



(p. 174) that 3,4-benzpyrene couples readily with the only moderately 
active diazonium salt from p-nitroaniline. 

These observations are important in showing that oxygen or nitrogen 
atoms arc not indispensable to the process of coupling, and hence that an 
intermediate attachment of the diazo component to a hydroxyl or amino 
group can hardly represent an essential phase of the ordinary coupling 
reactions. The fact that certain hydrocarbons are capable of forming 
azo compounds was considered by Meyer to support the addition-elimi¬ 
nation mechanism, and in his view hydroxyl or amino groups when 
present merely activate the ring for addition. The addition mechanism 
becomes still more attractive if it is extended to include some participa¬ 
tion of the key atom of the amines and phenols, as suggested by the 
blocking effect of groups in the ortho position or attached to nitrogen. 
Such a participation is not unreasonable, because the nitrogen or oxygen 
atom concerned is unsaturated, having respectively one and two pairs of 
unshared electrons, and consequently it is in a sense conjugated with the 
unsaturated system of the nucleus, von Auwcrs 195 called attention to 

this feature of the structures and suggested that the systems C—C O. 

and C=C—C=C—O"":, in which the dotted lines represent latent 
valences, arc comparable with C=C—C=C and C=C C=C—C=C. 
Indeed, similar exaltations of the specific, refraction and dispersion have 
been found for the two types of systems.** The great reactivity of the 
phenols, cnols, and amines may be due to this type of conjugation, and 
the entire conjugated system extending to the unsaturated oxygen or 
nitrogen atom may well be involved in some way in the coupling reaction. 
It is improbable, however, that the reaction proceeds by an addition in 
the ordinary sense to give an intermediate of a true dihydrobenzenoid 
type, as in the formal representation postulated by Meyer. A substan¬ 
tial argument against such an addition is the observation that 3,4-benz- 
pyrene enters readily into the coupling reaction but appears inaccessible 

v. Auwcrs, Dir., 44. 3514 (1911). 
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to additions. Although the formation of azo compounds from amines 
and phenols presents certain interesting peculiarities, the reaction does 
not appear to differ in kind from other aromatic substitutions. 

The nitrosation, bromination, aldehyde condensation, and C-alkyla- 
tion of amines and phenols probably fall into the same category as he 
coupling reaction. Some further substitutions are known to be the 
result of intramolecular rearrangement, and there may be still other 
routes leading to the introduction of substituents. An addition of he 
aromatic nucleus to an unsaturated linkage of the reagont conccivably 
may occur in certain cases, for example in the kolbe synthesis of hydroxy 
acii. The observation 506 that the salicylic acid synthesis can be 



ONa 



120-UO* 



OH 


COjNa 


( 3 ) 


XXIX 


components at , a^ W r “^ n r( . arranK emonts of the type pictured do 
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:c * Schmitt. J. prakt. Chen.. (2) 31. 307 (1835) 
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which alone is capable of accumulating under the conditions of the 
experiment, is produced from a small amount of a tautomeric A- 3 form 
of 0-naphthol present in equilibrium with the normal A 1 - 2 form. 209 This 
implies, however, that the substitution occurs by a rearrangement, and 
the failure of 1-substitutcd 0-naphthyl allyl ethers to rearrange at the 
boiling point renders the explanation unlikely. The addition mechanism 
(6) provides a somewhat more plausible account of the reaction, for the 
C 3 -hydrogcn atom adjacent to the 2-hydroxyl group probably acquires 
some activation, even though this must be transmitted through a con¬ 
jugated system of three double bonds, rather than through a double 
bond at the 2,3-position. 

The same mode of addition has been discussed 144 195 as a possible 
mechanism of the coupling reaction, and a more inviting application 
would be to the condensation of phenols and amines with carbonyl com¬ 
pounds such as Michler’s ketone or formaldehyde. It might be sup¬ 
posed that the aromatic component adds, through its mobile ortho or 
para hydrogen atom, to the carbonyl group: 

HOC«ri4'H + o— c< — HOCtIl«C(OH)< 

Here the addition product would represent the final stage in the reaction, 
whereas a similar addition to benzenediazoic acid would require the 
subsequent loss of water. However attractive the hypothesis may 
appear because of its simplicity, it does not explain the observation that 
the p-condensation with aldehydes, as well as the p-coupling, is subject 
to hindrance by an ortho substituent. The reactions with aldehydes 
and ketones, which proceed best under catalysis by acids or non- 
metallic halides, probably follow rather the course of other sub¬ 
stitutions. 

The Directive Influence of Substituent Groups. The problem of 
accounting for the influence* of groups present in the benzene ring on the 
course of further substitutions has called forth such an enormous amount 
of experimentation and speculation that a brief review of the subject 
must be limited to a presentation of the main facts of the case and to a 
consideration of the* more promising interpretations which have been 
suggested. The principal substituent groups concerned in controlling 
aromatic substitutions are listed in 'Fable II, and the percentages of met a 
substitution, determined chiefly in carefully studied nitrations, provide 
an index of the main reaction type. Characteristically meta directing 
and ortho-para directing groups are listed in the first two columns, and 
the third column includes an assortment of substituents derived from the 

E. Bcrgmunn an«l Berlin. J. Org. Chcm.. 3. 246 (1938). 
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methyl group. References to the literature may be found in the compila¬ 
tions of Holleman, 209 of Ingold, 2,0 and of Reese. 2 " 


TABLE II 

Directing Effects of Scbstittjent Groffs • 


Meta Type 


Group 


—N0 2 
-CN 
—SOjH 
—CHO 
—COCH* 

—COjH 
—COtCHj 
-C0 2 C*H, 7 (n) 
-COC1 
—CONHj 
—NHj+ 
-N(CH 3 ),+ 
-As(CH 3 ) 3 + 
—Sb(CH 3 ) 3 + 


% 

Mela 


93 
. 80 

72 
79 
55 
82 

73 
60 
90 
09 
47 

100 

98 

86 


Ortho-Para Type 

Group 

H 

—NH, 

B 

-NHCOCHa 

•> 

—N(COCII 3 ): 

1 

—OH 

3 

—OCII 3 


—CII 3 


-Cl. Br. 1 


-CJU 


—CH-CO-H 


—CII:CN 


_CH*CIICO.H(R) 


—C^CCOjIKU) 

8 

—CII-CHNO* 

— 

_N=»NC*Hi 

■ a a 


Miscellaneous 


Group 


CIIjCI 

CHCI* 

CCU 

ClCO-Et), 

CII-F 

CH*Br 

-Cl UNO- 

-CH;CII*NO: 

-CH:NH 3 + 

-CH,N(CII 3 ) 3 + 

-(CH:),N(CH 3 )3 + 

-(CH:) 3 N(CH 3 ) 3 + 

-CII:P(CII 3 ) 3 + 

-CH*As(CH 3 )* + 


c 

Meta 


4 
34 
64 
57 
17 

7 

50 

13 

49 

88 

19 

5 
10 

3 


n.rta •ub'litution m known to occur. Where on ionic 


•Chiefly in nitration. - indk.tc. that ..o ..in-mutton 

group ia indicated. the aubatonce nitrated wo. O.c aullatc. nitrate, or |>i rate. 


Groups of the predominantly meta directing type for the most part 
contain either a strongly unsaturated group or a positively charged atom 
adjacent to the ring, while the ortho-para directing groups arc saturated, 
or only weakly unsaturated. The introduction of an ethylemc linkage 
is not sufficient to alter the orienting character of an alkyl group, and 
the unsaturation of a phenyl group is not strong enough to promote meta 
direction. The ortho-para directing methyl group is gradually trans¬ 
formed into a group of the opposite type by the progressive introduction 
of halogen atoms; the introduction of a single carboxyl group produces 
no great change, but with three carboxyls the resulting group becomes 
predominantly meta directing. Since the nitro group is more powerful 
in its influence, the group -CH,NO, directs largely to the meta position. 
Although a number of groups give rise to almost exclusive ortho-para 


** Holleinnn, 'Dio direktc Eintabnin* von SubMiloenton in den Bentolkern." Veit 
m IUcso. Chcm. Kcv.. 14. 55 (191 M). 
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substitution, marked differences in the relative effectiveness is noted on 
pitting one group against another in the same molecule, most conven¬ 
iently in the para position. In a competition between the powerful amino 
group and the weakly orienting methyl radical, for example, the former 
group controls the substitution. Similar experiments 212 have^tabhshed 

the following order of decreasing orienting power: NH 2 > OH > OOH 3 

> NHAc > OAc. Relative directive potencies of alkoxyl groups, deter¬ 
mined in nitrations of hydroquinone derivatives, are reported 5,3 as fol¬ 
lows: CH 3 0(1), C 2 H s O( 1.64), n-C 3 H 7 O(1.80), ko-C 3 H 7 0(2.29), n- 
C,HoO(l.SG), /ert.-C^HoO(3.28), n-C IG H 33 0(2.12). Among the rather 
weakly directing halogen atoms, the order is I > Br > Cl > F. 

It is of considerable significance that ortho-para directing groups, 
with one exception, facilitate substitution in the ring, while groups of 
the meta type have a retarding influence. Groups of the two types may 
be said to activate the nucleus for substitution, and to deactivate it, 
respectively. Toluene, for example, is nitrated fourteen times as fast as 
benzene; 2 " the monoalkylation of benzene in the Friedel and Crafts 
reaction cannot be accomplished without considerable polysubstitution. 
The progressive introduction of nitro groups, on the other hand, is accom¬ 
plished with such increasing difficulty that the reaction is easily stopped 
at any desired stage. The course of the reactions of monosubstituted 
derivatives of bicyclic compounds such as biphenyl or naphthalene 
provides a further illustration of the point, for substitution is homo- 
nuclear if the group already present is of the ortho-para type, and hetero- 
nuclear if it is meta directing. The one exception to the rule cited is 
that halogen atoms direct to the ortho and para positions and yet defi¬ 
nitely deactivate the ring and retard substitution. 2 " Since the course 
of a given substitution is dependent upon the relative velocities of the 
competing reactions, it is often subject to steric effects. The ratio of 
ortho anil para isomerides is particularly susceptible to the influence of 
the steric factor, as can be seen, for example, from the fact that, while 
the ratio of ortho to para substitution in the nitration of toluene is 58 : 38, 
terf.-butylbenzenc is converted almost exclusively into the p-isomer. 

Many attempts have been made to formulate a simple rule defining 
the orientation of the various groups in the hope that this might suggest 
a clue to the nature of their action. Discussions of the earlier proposals 
may be found in the reviews by Holloman =» and by Stewart. 215 More 
recently, rules of substitution have been advanced based upon the fol- 

Filch*. Monatsh.. 38. 331 (1917). 

,l3 Goldsworthy. J■ Chun. .S«c.. 1148 (1930). 

-»* Wibaut, l(,c. Irar. ehim.. 34. 241 (1915). 

1,4 Stewart, "Recent Advances in Organic Chemistry." Longmans, Green aim 

Co.. London (1927). Vol. I. pp. 322-323. 
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lowing data: the periodic table, 2,6 polarities estimated from electronic 
configurations, 217 electric moments, 218 dissociation constants, 219 qualita¬ 
tive analogy with inorganic metathetical reactions. 220 A correlation with 
the effect of nuclear substituents on the rates and equilibria of reactions 
involving a group in the side chain is indicated in the interesting calcula¬ 
tions of Hammett, 221 and it has been shown 222 that groups which lower 
the potential of a parent quinone facilitate substitution in the benzene 
ring, whereas those which produce an increase in the potential retard 
benzene substitution (halogen atoms and meta directing groups). 

The Electronic Theory of Aromatic Substitution (by P. D. Bartlett). 
Throughout the present century attempts have been made to base an in¬ 
terpretation of aromatic substitution upon the undoubted electrical char¬ 
acter of chemical bonds. Early attempts in tins direction by Fry - 
and by Stieglitz 224 assumed a completely polar character for all the car¬ 
bon-carbon bonds in the benzene ring. A key atom, such as the nitrogen 
of nitrobenzene, was supposed to induce alternating polarities in the 
atoms of the rings, and these polarities would determine the orientation 
with which an attacking reagent could add to one of the double bonds 
of the ring. The substitution process was regarded as an addition fol¬ 
lowed immediately by an elimination. The polarity of the key atom 
could be predicted from its general chemical character. For example, the 
nitrogen of the nitro group was presumed to be positive with respect to 
the two oxygens; this made C-l of the ring negative, 02 positive, C-3 


negative, and so on. , , , . f .. 

This theory had the merit of .self-consistency: the key atoms of the 

nitro, nitroso, carbonyl, sulfonate, nitrile, and even quaternary ammo- 
nium, groups were all seen to be positive and to lend to mela direction. 
The key atoms of the hydroxyl, alkoxyl, and am.no groups and he 
halogen atoms were negative by the same process of reasoning The the¬ 
ory failed, however, in several important respects. It im'chcti-d unequir- 

ocally that groups like —CHjNOj and t 2 ( 3)3 » ,ou 

strongly ortho-para directing. The failure of this predict .onshown that 
alternating polarities arc non-existent in the side chain and so are not 
inherent in chemical bonds generally. The theory therefore postulated 
properties for the bonds in the benzene ring which were apparently with- 


Hammick and Illingworth. J. Cktm £*** 
m Latimer and Porter. J. Am. Chen. Sot.. 52. .00 (19J0). 
*'• Svirbcly and Warner. tW.. 67. 055 (| 935). 

**• McGowan. ChtmiAtry & Industry. 007 (1930). 

”° Zwcckcr. Bit.. 69. 993 (1930). 

"* Hammett. J. Am. Chem. Sot.. 69. 90 (1937). 
m Fioacr and Ficscr. ibid.. 67. 491 (1935). 

”« Fry. Z. physik. Chem.. 76. 385 (1911). 

1,4 Stieglitz. J. Am. Chem. •**.. 44. 09-2). 
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out parallel among aliphatic compounds. Also unexplained was the 
unique position of the halogens, which deactivate the nng while the other 
ortho-para directing substituents activate it. 

The dualistic approach of Flurscheim and of Vorlander was more 
flexible. They superposed the idea of a general, non-alternating elec¬ 
trical polarity upon the older idea of an independent, alternating 
“valence demand,” or “affinity capacity,” whose relationship to electro¬ 
static phenomena could not be traced.* The attempt to account for the 
apparent simultaneous production of alternating polarities around the 
benzene ring and a non-alternating effect has been the task of modem 
electronic theories. 

During the last twenty years this problem has been attacked through 
a theoretical approach contributed to largely by Lapworth, Robinson, 
and Ingold, f These theories were approached purely from the direction 
of organic evidence. They advanced gropingly and with a rapidly ex¬ 
panding special nomenclature. They have been more successful than 
their predecessors in that their basic ideas have been independently 
derived by quantum mechanics and confirmed by modern physical 
methods of investigating molecular structure. 

The most directly useful of these physical methods is the determina¬ 
tion of dipole moments, and it is this method which has established the 
fundamental nature of the alternating and non-alternating electrostatic 
effects of groups. This study has confirmed the belief that in a bond 
between unlike atoms the electrons are on an average nearer one atom 
than another. The measurement of tnese displacements has taken the 
guesswork out of the assignment of electrical inductive effects to groups. J 
It is possible, in saturated compounds, to designate quantitatively the 
fractional part of an electronic charge which resides on each atom. It 
is found that all the common functional groups in neutral saturated 
compounds tend to attract electrons at the expense of carbon. Such a 
group at the end of a saturated chain will cause a general deficiency of 
electrons throughout the chain, rapidly damped but with no alternation 
in charge. These “inductive” effects are responsible for many chemical 
phenomena, such as the influence of substituents upon the dissociation 
constants of acids, but inductive effects do not divide the substituent 

* For a review of these older theories, see Hcnrich. "Theories of Organic Chemistry, 
translation of 4th edition by Johnson and Ilolm. John Wiley & Sons. New \ork (1922), 
pp.175- J.30. . v . 

t For reviews see Robinson. "Outline of an Electrochemical (Electronic) I hcory of the 
Course of Organic Reactions." Institute of Chemistry of Great Britain and Ireland (1932); 
Ingold. Chcm. Itrr., 16. 225 (1934). 

t For a review of the early contributions of dipole moment study to organic chemistry, 
see Sidgwick. "The Covalent Link in Chemistry." Cornell University Press (1933). 
Chapter 5. 
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groups into the right classes to provide a complete explanation of aro¬ 
matic substitution. They are often overshadowed by effects of reso¬ 
nance, which were discovered as follows. 

Every attempt to isolate isomers which differ only in the arrange¬ 
ment of bonds or electrons, while having identical positions of all the 
atoms, has resulted in failure. An important example is provided by the 
two o-xylene structures of Kekul6 (pp. 121, 135). This failure has often 
been attributed to excessive stability of the one or the other form, or (as 
in the case of the o-xylenes) to very rapid interconversion between them. 
According to all recent physical studies of molecular structure (Chapter 
26), such isomers cannot exist separately except in the rare event of 
their having different numbers of unpaired electrons. Instead, if a 
molecule can be represented in two or more electronic or bond structures, 
without moving any atoms, then the molecule will show characteristics 
of all such structures, and no one of them can exist independently of the 
others. This is the principle of resonance. If a molecule may have two 
exactly equivalent bond structures, then the molecule resembles one of 
these structures as much as the other, but is more stable than either alone 
would be by a large “resonance energy.” The typical example of this is 
benzene, whose two Kckult bond structures have identical energies. If 
benzene is a resonance hybrid, and not a mixture of tautomers, two 
physical methods should give evidence of this. In the first place, since 
single and double bonds between carbon atoms have the characteristic 
lengths 1.54 and 1.34 A, respectively, x-ray 15 and electron diffraction 
studies of benzene should show such distances for kckuld molecules. 
It is certain that there are no C-C distances in benzene as great or as 
small as these limits. The electron diffraction pattern of benzene is 
indistinguishable from that of a regular hexagon 1.39 ± 0.02 A on a side, 
although the method is not sensitive enough to detect deviations from 
regularity of the order of a few hundredths of an Angstrom unit 1 he 
vibrations of benzene as revealed in its infra-red, Raman, and fluores¬ 
cence spectra are considered to Ik- compatible only with complete hex¬ 
agonal symmetry.* 3 * , , ... .. . . . 

The chemical reactions of a resonance hybrid unlike its physical 
properties, do not register the permanent state of the molecule, but only 
those states which are developed on the approach of a reagent, tor 
example, if ozone enters into reaction with one of the bonds of e-xylene, 
resonance between KckulS forms becomes impossible from that moment, 
and in the process of reaction two other double bonds are frozen in the 
corresponding cyclohexatriene positions. Since ozone may be expected 

m Schomakcr and Pauling. J. Am. Chcm. Soc.. 61. 1770 (1939). 

m Ingold, Proc. lio U . Soc.. A169. 149 (1938). 
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to attack that bond of o-xylcne which already most resembles a double 
bond, the formation of both diacetyl and methylglyoxal may be taken to 
indicate that both Kekul6 forms contribute importantly to the structure, 
although these forms have separate existence only during the course of 
being destroyed. It is found most useful to describe the course of aro¬ 
matic reactions largely in terms of individual Kekute bond structures, 
but such a structure is best regarded as something developed during the 
attack of the reagent. 

Often two or more bond structures can be written, both of them sat¬ 
isfying the criterion of electronic octets, but differing largely in their 
chemical probability. An example of this Is found in chlorobenzene 


H:C *C:H 


:C1 

H:C' ‘ C:H 


...c. 

h:c • cm 


: Cl 
• • 

• • 

. C . 

H:C * C:H 


H.-C cm H-C. .C:H H:C. . C:H H:C. •. Cm 
• c* : * c - - *'c • C/ 

H II H H 

i u in * v 

(ond other Kekul* 
structure) 

Here the principle of resonance still demands that the first, structure shall 
not be independent of the second, third, and fourth, but it does not tell 
how important the contribution of the secondary structures will be. The 
higher their potential energy in comparison to the normal structure (the 
less their probability), the smaller their contribution to the true structure 
of the molecule will be and the less the resonance energy. Both these 
quantities may approach zero if the secondary structures are sufficiently 
improbable, without permitting a sharp dividing line between resonating 
and non-resonating systems. There are also many cases, such as that of 
naphthalene (p. 148) or urea, in which most of the chemical reactions are 
those normal for a single-bond structure, but where methods of studying 
the resting state of the molecule indicate substantial (though subordi¬ 
nate) contributions from secondary forms. 

For purposes of discussion it is preferable to translate the electronic 
structures I-IV into bond structures 


/ C % 


1IC CII 


Cl + 

II 

/ c \© 

HC CH 

il I 

IIC CH 

'W' 


©/ c \ 

HC CH 

I II 

HC CH 

%c/ 
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HC CH 

HC <!h 

N '-Cq 
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The question whether these secondary forms contribute appreciably to 
the structure of chlorobenzene must be answered by experiment. Among 
the physical evidence pointing to a detectible amount of resonance is 
the fact that aromatic halogen compounds (in common with vinyl 
halides) have markedly diminished electric moments compared to satu¬ 
rated halogen compounds; 2:7 they also show a shortening of the C—Cl 
bond 228 suggestive of double-bond character. On the organic side, such 
resonance provides interpretation of the diminished reactivity of halogen 
attachid to the aromatic ring and of the directive influence of halogens 
in addition reactions to vinyl halides and in aromatic substitution. 

Phenols, phenol ethers, and amines are the other common aromatic 
compounds which arc capable of this type of resonance by virtue of hav¬ 
ing unshared electrons on the first atom of the substituent. 1 he evidence 
of sharply altered dipole moments in comparison to aliphatic analogs is 
here even more striking than in chlorobenzene. In addition an interpre¬ 
tation is afforded of the acidity of phenols (and ends), the weakness o 
aromatic amines as bases (compare p. 212), and the directive power and 
extreme activating influence of the hydroxyl and ammo groups 

A phenol and its anion are both capable of resonance with structures 
having negative charges in the ortho and para positions 

OH OH* OH* OH* 

6-6-S-6 


In the phenol these secondary structures involve a separation of electric 
charge, which might be expected to oppose them occurrence as in 
chlorobenzene. In the anion, however this separation of charge * 
absent, and the secondary forms must therefore contribute more an 1 
make the resonance energy higher in comparison to the neutral phenol 
This is a factor favoring the ionization equilibrium which is lacking ... 
the acidic ionization of an alcohol.* 

m Sutton, «*.. A133. 668 (1031); Tran . <l934> ‘ 

»• JWJcwuy and Palmer. J. Am. ( • ^ ^ of kcUM , no | tautomers led to the 

• The resemblance of these bond *trw postulated such intramolecular 

on«p„al designation -tautomenc effectUm.ciatcd. This tern, was no. 
tendencies long before the principle of resonance 

intended to imply a true tautomcristn. 
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A similar analysis applied to the ionization of the dimethylanilinium 
ion shows that resonance makes it a stronger acid, and dimethylaniline 
itself therefore a weaker base, than in the case of a similar saturated 
amine. 

With regard to the ease and orientation of aromatic substitution the 
Robinson-Ingold theory adopts the postulate, common to earlier theo¬ 
ries, that the reagents which bring about substitution function as elec¬ 
tron acceptors, and hence react preferentially at the points of high 
electron density in the nucleus. With a few reagents, such as mercuric 
acetate and the benzenediazonium ion (see p. 192), this electron-seeking 
character is obvious. It is not obvious in the case of molecular halogens 
(hat a halogen atom will enter the ring bearing a positive charge, and 
yet there is experimental evidence that the addition of halogen to an 
aliphatic double bond takes this course.^ It is assumed that the other 
common reagents yield substitution by paths similar to these. The 
bromination of dimethylaniline is represented 



Hr lh 


Pfeiffer and Wizinger m have developed aliphatic analogies to this 
process. The choice of the para (or ortho) position is conditioned by two 
facts: (1) that it is already a center of excess negative charge, due to 
the resonance in the amine molecule; and (2) that an easy reaction 
path is available because the quinol-likc transition state V (also capable 
of resonance with three other bond structures) is able to accommodate 
t He positive charge long enough for a carbon-bromine bond to be formed 
and the carbon-hydrogen bond to be broken. The possibility of a cer¬ 
tain amount of stabilizing resonance in the transition state as depicted 

”• Bartlett und Tar boll, ibid., 58. 4GG (1936); Tarbcll and Bartlett, ibid., 59. 407 (1937) 
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also helps to explain why aromatic substitution proceeds by this path 
rather than by way of completed addition to one of the double bonds 
of the ring. The latter mechanism would eliminate so much stabilizing 
resonance as to constitute a very difficult path of reaction. 

In the halobcnzenes a transition state of a form like V offers a better 
reaction path than one involving attack of the bromine in one of the 
mela positions. Nevertheless, in the resting state of the molecule the 
normal form of chlorobenzene is so much more important than the 
secondary forms that the chlorine is still the strongly negative end of a 
dipole and all positions of the ring are deficient in electrons compared 
to benzene. This is the explanation given of the simultaneous deactiva¬ 
tion and ortho-para directive influence of the halogen atoms. 

Any group whose net effect is to make electrons permanently less 
available at the ortho and para positions must be not only deactivating, 
but also mela directing. This is true of the trimethylam .mum ion the 
nitro, sulfonyl, nitrile, and carbonyl groups. Any drift of electrons 
toward C, brought about by an inductive effect will be a the expense of 
carbon atoms 2, 4, and 6, leaving atoms 3 and 5 relatively less affected^ 
The situation is especially clear when resonance is possible, as in the nitro 
group 






If these secondary structures are of any importance in the molecule 
then only the mela positions will have enough electron density toauke a 
reaction with the usual reagents possible. The or,he .and para positions 
should prove inviting points of attack for electron^onor reagents and 
reaction is indeed observed at these positions in the formation of o-n tro- 
phenol from potassium hydroxide and air,» the ,reaction of nm ioben- 
zene with hydroxylaminc to give picram.de,- and similar; reaction*. 

In certain substitution processes apparently Proceeding throughfree 
radicals - the usual orientation rules are not applicable. The electronic 
theory of substitution has given little attention to this case. 

A stereochemical consequence of resonance, first pointed out by 

*** Wohl, Ber., 32, 3487 (1899). 

Meisenhcimcr and PoUi B . Ber.. 39 <i° 06) - 

*** Hey and Waters, Chan. IUv.. 21. 178 (1937). 
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Birtles and Hampson, 233 has helped to explain a puzzling case of steric 
hindrance commented upon earlier in this chapter. Since resonance is 
possible only between structures having the atoms in the same positions, 
it follows that the spatial arrangement of the atoms in nitrobenzene must 
be compatible with all the resonating bond structures. This means that 
all the atoms attached to double-bonded atoms must lie in the same 
plane, or the resonance will be damped. Similar considerations apply to 
dimethylaniline. 

CHs \ n /CH. CH^+yCH, CH*\^+y'CHj CH^/CHa 



•VI VII VIII IX 


Although the form VI might have free rotation about the C—N bond, the 
forms VII, VIII, and IX must be coplanar, and therefore the molecule 
will remain coplanar at all times if these make any important contribu¬ 
tion to its structure. If now a nitro or a methyl group is present in the 
ortho position, this coplanar arrangement becomes untenable on account 
of the steric interference of the groups. Anything which forces the 
dimcthylamino group out of the plane of the ring damps the resonance 
and the effects resulting from the resonance may be expected to dis¬ 
appear. These include: (1) the special electric moment associated with 
aromatic amines, (2) the activation of the ortho and para positions toward 
substitution, and (3) the activation of the ortho and para hydrogen in 
condensation and exchange reactions. Hampson and his co-workers 
have found striking dipole-moment effects of this sort. The anomalous 
boiling points of the hindered methylanilines 196 may well be related to 
such reduced polarities. The remarkable inhibition of the diazo coupling 
reaction when a methyl group is ortho to a dimcthylamino (but not to a 
monomethylamino) group is discussed on p. 197. An inhibited deuterium 
exchange in deutcro-alcohol has been found for similar cases by Brown, 
Kharosch, and co-workers. 234 It is noteworthy in all these results that 
the damping of resonance is not absolute, even when conditions are im¬ 
posed upon the molecule which are sterically very unfavorable to some of 
the bond structures. 

5,3 Birtles and Hampson, J. Chem. Soc., 10 (1937); Ingham and Hampson, ibid., 981 
(1939). 

534 Brown. Kharosch, and Sprowls, J. Org . Chem., 4, 442 (1930); see also Brown 
Widiger, and Letnng, J. Am. Chem. Soc.. 61. 2597 (1939). 
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In the light of damped resonance it is not to be expected that cyclo- 
octatetraene (p. 129) will show the stability of an aromatic compound. 
In order to exist without strain the molecule must take a puckered form 
in which carbon atoms 1 , 4, 5 , and 8 lie in an upper plane and carbon atoms 
2, 3, 6, and 7 occupy a lower plane. This preserves all bond angles at 
their normal value and brings atoms 1, 2, 3, and 4 all into one plane, 



atoms 3,4, 5, and 6 all into another plane, etc. Any such spatial arrange¬ 
ment is incompatible with the alternative placing of the double bonds, for 
atoms 2, 3, 4, and 5 are not in a single plane, nor is any other sequence of 
four atoms in a position favorable to the second KekuM structure. 
Resonance must then be damped severely unless the molecule adopts a 
coplanar arrangement, and this would involve angular strain. 
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PART I. INTRODUCTION 

The term “isomers” is generally applied to those compounds which 
have the same molecular formula, but which differ in at least one of their 
physical or chemical properties. In terms of the structure of the mole¬ 
cule, this means that isomers differ in the arrangement of the atoms in 
the molecule. In fact, it has been the existence of many types of isomer¬ 
ism, especially of carbon compounds, which has been the chief reason 
for the extensive developments in attempts to represent the spatial 
arrangements of the atoms. The fundamental purpose of such structural 
models of molecules is to express as completely as possible the chemical 
and relative physical properties of the compound. For completeness, 
and to show all the types of isomerism exhibited by organic compounds, 
the following classification summarizes the present status of this division 
of theoretical organic chemistry. 

(1) Simple Structural Isomerism. The difference between the 
isomers in this group can be adequately expressed by simple 
structural formulas. 

(a) Nucleus or Chain Isomers: compounds whose isomerism 
is due to the arrangement of the carbon atoms. 


Examples: 

CH3CII2CH3CH3 


n*Bul«Qe 


ch 3 

I 

CHjCHCHs 

(Isobut&no 
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(b) Position Isomers: compounds which differ in the position 
occupied by a group with reference to the carbon nucleus. 

Examples: 



CH 3 CH 2 CH 2 C1 

1 -Chloropropano 


NO- 


NO* 




o-Bromonitro- 
beoxenc 


n-Bromonitro- 

benxene 


p-Bromonitro- 

benzene 


benxeno . , 

M Func iional Group Isomerism: compounds possessing the 
W ^molecular formulas but having different functional 
groups; i.e., belonging to different homologous senes. 

Examples: 

SEff 2S2 

PH POCHi CHjCHjCHO 

CH £2nc a Propionaldeliyde 

readily interconvertible. 

Example: 

O ° H 

CHjCCHjCOiCjHt s* CH,O=CHC 0 ,C.H. 

trt/vForro AcfUmtmi€ 

(2) Stereoisomerism orjpace but 

X e h m "n IZt^Tmslnal space arranyement of the 
atoms or groups within .he molecule are said to be ston-oisomers. 

ereoisomerlsm which are. 

(а) Optical isomerism. . • n 

(б) cis-trans Isomerism (geometrical isomensm). 
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PART H. OPTICAL ISOMERISM. GENERAL THEORY 
Ralph L. Shriner and Roger Adams 
Optical Activity 

Experimentally it has been observed that only certain substances, 
both organic and inorganic, possess the power of rotating the plane of 
polarized light (p. 282). Examination of the nature of these optically 
active compounds has shown that only those structures (crystalline or 
molecular) which possess mirror images not superimposable upon the 
original are able to affect plane-polarized light. Such compounds are 
generally termed asymmetric because their structure is without com¬ 
plete symmetry from a geometrical standpoint. This requirement for 
optical activity will become clearer as the discussion progresses. 
Optically active substances may be divided into two classes depending 
upon whether activity is due to crystal structure or to molecular 
structure. 

Optical Activity Due to Crystal Structure. A familiar example of this 
type is quartz, which is found to exist as dextro and levo rotatory crystals, 
commonly known as d- and f-forms. X-ray examination of these quartz 
crystals has shown that the crystal lattice is built up of silicon and 
oxygen atoms so arranged that a spiral staircase effect is obtained. The 
mirror image of this crystal lattice is not identical with it, and hence the 
crystal is asymmetric and rotates plane-polarized light. 

Optically active crystals, such as quartz or sodium chlorate, are often 
hcmihcdral, and the crystals themselves are mirror images of each other. 
This relationship is not always true, since many optically active crystals 
show no trace of hcmihcdral faces. Optical activity has been observed 
in isotropic, uniaxial, and biaxial crystals. Table I lists some of the 
compounds which are optically active in the crystalline state only. 


Isotropic Crystals 
Sodium chlorate 
Sodium bromatc 
Sodium urnnyl acetate 
Sodium sulfantimonate 


TABLE I 

Uniaxial Crystals 
Quartz 
Cinnabar 

Potassium dithionate 
Bcnzil 


Biaxial Crystals 
Hydrazine sulfate 
Barium formate 
Iodic acid 
Zinc sulfate 


Crystals of many other compounds also exhibit optical activity, but 
all substances in this group lose their activity when fused or dissolved in 
a solvent. 
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Optical Activity Due to Molecular Structure Optically active com¬ 
pounds in this group rotate the plane of polarized light,.regardless of the 
physical state. Optical activity is exhibited by solutions of the com¬ 
pound as well as by the pure compound in the crystalline liquid or 
gaseous state! In a few compounds the crystals may possess hem ihedral 
faces and be mirror images of each other, but th.s re atiomdnp beUeen 
crystals is not universally true. The optical activity must hence 
ascribed to, and be dependent upon, the structure of the molecule. 


Principles of Molecular Asymmetry 

Molecules with spatial arrangements of their atoms which are asym- 
Moiecuies wiu! s, mentioned above, the 

3^-sSS«=sS3=is= 

two groups. 

imposable. kno wn. The largest number is 

upon «« 

of the valence forces of these atoms. 

Spatial Arrangements of Valencies of Atoms 
The study of 
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Group I. Tetrahedral Configuration. 



Be, B, C, N, Si, 

Te, Ge, Pt, Pd. 


Group II. Octahedral Configuration. 


P, S, Cu, 


Zn, As, Se, Sn, 



Al, Cr, Fe, Co, Zn, As, Rh, Ru, Ir, Pt. 
(Cu, Ni?) 


Group III. Planar Configuration. 



Pt, 


Pd. 


Of all the elements investigated, carbon has been the most exhaustively 
studied. In 1874 Lc Bel and van’t Hoff independently and simul¬ 
taneously proposed that the four valencies of carbon in its compounds 
were distributed in three dimensions, vau’t Hoff regarded the valence 
bonds as equidistant from each other and so arranged that a regular 
tetrahedron resulted by joining the ends of the valence bonds by 
straight lines. Lc Bel on the other hand did not consider that the 
carbon atom had such a rigid structure. The experimental evidence of 
the past sixty-<‘ight years has fully confirmed their hypothesis although 
the idea of a perfectly tetrahedral model with the four valencies abso¬ 
lutely fixed in a rigid position, at angles of 109° 28' apart, has undergone 
some modification. 


Evidence for the Tetrahedral Carbon Atom 

1. The four valencies of carbon are identical. 

2. A consideration of all types of isomerism of carbon compounds 
on the basis of a planar, pyramidal, and tetrahedral configuration of 
the carbon atom has shown that only the tetrahedral is consistent with 
all the facts. Thus, a planar or pyramidal configuration calls for two 
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geometrical isomers of compounds of the type C a 2 by, a pyramidal con¬ 
figuration calls for optical isomers of C a 2 bc; no such isomers are known. 
In the case of Cubed only two optical isomers are known. 

3. Ethylenic compounds with the structure ^/C=C<^ exh,blt 6 e °- 
metrical isomerism but not optical isomerism (p. 446). Allenes with 
the structure ^>C=C=C<“ give rise to optical isomers and not geo- 

metrical isomers. ^ ^ 

4. Spiranes of the type }\> C 0{ are reS0,Vab,e fato d ' and '' 
forms. If the carbon atom were planar or pyramidal no resolution 

du. » th. linkage 

known - R-C»C-R 

6. The chemistry of carbon rings, their formation, stability, strain¬ 
less rings, double and triple bonds in rings-all these are consistent only 

with the tetrahedral arrangement (p. 68). 

7. The measurements of dipole moments (p. 1752) have served 
confirm the above chemical evidence from the physical side. Thus n 
the series of simple halogcnatcd methanes given below, the perfect 1> 
symmetrical molecules, methane and carbon tetrachloride, have moments 


of zero. 
CH 4 

U - o 


CH,CI 

--1.85X10“ 


CHiCls 

M - 1.0 X 10 “ 


CHCli 

» - 1.05 X 10-» 


ecu 

* - o 


The other three have an unequal distribution of mass and electrostatic 
charges about the central carbon atom and hence possess definite d.pole 

m “e structure of many complex cyclic, bicylic and tricyclic 

compounds requires a tetrahedral carbon atom would 

models of such molecules. Planar or pyramidal carbon atoms would 
not permit the construction of such models without involving enormous 

^ The evidence concerning tetrahedral, octahedral, and planar con- 
figurations of the other elements will be considered in Part IX. 
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PART m. OPTICAL ISOMERISM OF COMPOUNDS CONTAINING 
ASYMMETRIC CARBON ATOMS 

Molecules Containing One Asymmetric Carbon Atom 

General Concepts. Using the tetrahedral model of the carbon atom 
it is easily observed by means of the structural models that a compound 
containing a carbon atom attached to four different groups, Cabcd, pos¬ 
sesses a mirror image which cannot be superimposed on the original 
(Figs. 1, 2). Such a molecule is asymmetric, and hence a carbon atom 
of this type is called an asymmetric carbon atom. 



Fio. 1 Fia. 2 


One of the means used to decide whether or not a molecule is asym¬ 
metric is to determine the presence or absence of a plane of symmetry in 
the molecule. A plane of symmetry is one that will divide a molecule into 



Fio. 3 


Fio. 4 


halves , each of which is the mirror image of the other. It is clear by examin¬ 
ing the models of the compounds Ca 4 , Ca 3 6, Ca 2 6c, and Ca 2 6 2 (Figs. 
3, 4, 5, 6) that all of them possess a plane of symmetry ( PP ). 
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The mirror images of the models represented by Figs. 3, 4 5, 6 are 
identical with the originals, and no optical isomensm is poss.ble. The 
experimental facts observed on compounds with structures correspond- 

.P 




Fio. 5 


Fio. 6 


<« M .h«o £ 

•“kme* s - £5 - - “ 

was found to exist in: 

1. An inactive form— racemic lactic acid. 

2. A dextrorotatory form— sarco-lactic acid. 

3. A levorotatory form-fcrmcntat.on-lactic acid. 

The models of lactic acid are represented in Figs. 7 and 8. 

CO, 



d-Lactic acid 



T^c.i...'rr.c».«UcU...idW-Uc.ic «id> 


rfiiicrle Droduce d-lactic acid (Fig. 
The biological processes in living muse P g ,_, acUc acid 

iSSS'SSL of lactic acid leads to an e.ui- 
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molecular mixture of d- and /-forms which constitutes the inactive 
modification known as racemic lactic acid (di-lactic acid). The following 
reactions represent one possible synthesis. 



The starting molecule, propionic acid, cannot exist in optically active 
forms, since it has a plane of symmetry. In the bromination reaction 
either of the two a-hydrogen atoms may be replaced by bromine produc¬ 
ing d- and Z-a-bromopropionic acids in equal amounts, since the two 
hydrogens are similarly situated in the molecule. The probability of 
obtaining the d-form is hence equal to the probability of obtaining the 
/-form, and therefore, racemic or dZ-a-bromopropionic acid results. 
The reaction with silver hydroxide must produce dZ-lactic acid from the 
d/-a-bromopropionic acid. 

Examination of the general formulas in Figs. 1 and 2 shows that if 
any two groups are interchanged in one model the resulting structure 
will be identical with the mirror image of the original. Thus, exchang¬ 
ing the positions occupied by a and b (or any other two groups, a and c, 
a and d, b and c, b and d, or c and d) in Fig. 1 gives a model identical with 
Fig. 2. Such an exchange was accomplished experimentally by Emil 
Fischer, who thus demonstrated conclusively that the relationship be¬ 
tween optical isomers must be due to spatial factors and not to any 
structural factors. The reactions, Figs. 9-12, demonstrate the inter¬ 
change of the carboxyl and amide groups. 

Other experiments have also readily demonstrated that reactions 
which made two groups attached to the orginally asymmetric carbon 
atom identical resulted in optically inactive products. Thus, the hydroly¬ 
sis of any of the four compounds above leads to the isopropyl malonic 
acid (Fig. 13) which is inactive and cannot exist in optically active forms 
(cf. Fig. 5). 

For many years all the known optically active compounds of carbon 
contained two or more carbon atoms in the molecule. As a consequence, 
there arose the question whether factors, other than the presence of an 
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asymmetric carbon atom, were necessary for optical activity- in .. 
JT:However, in 1914 Pope and Read estabhshed the fact that 



levo 

FlO. 12 


Fig- 11 


enantioraorphs (Fig. 14) was accomplished. 


n 



Fio. 14 


# Within the limits of experimental 

Properties of Enaiii fP j ^ rf _ and /.forms 0 f a compound are 
error all the physical prope • , arizcd light . i n rcsp cct to their 

identical except thc Corner rotates the plane of polarized light 

optical rotatory power, „ r( . es but in opposite directions. No other 

'xf'y, ‘he ^™ C re 7 c ^ t Iiif^ti C al isomers which are mirror images 

“Tthtf have-or been noted.* The crystal forms of enant.o- 

. ,w differences between the d- and /-forms exist. <*** 
* Claims have been made that cJi The differences arc within tho expen- 

Cainpbell, 7. Am ani^o degree of purity of thc materials, 

mental error of tho ob*cr% ations anU ui 






228 ORGANIC CHEMISTRY 

morphs may also be mirror images of each other, but this relationship 
of the crystals is unusual. 

Since optical isomers contain the same atoms and groups in the same 
relationship to each other (although in a different spatial order), their 
chemical reactions are identical. In a reaction with another optically 
active molecule, the d- and Worms may react at different rates, but the 
type of reaction is identical. 

Studies on the physiological effects of optical isomers have shown 
that there may or may not be considerable differences between the d- 
and Worms. Where one optically active isomer exhibits a specific dif¬ 
ference it seems probable that diastereoisomers are produced by the 
reaction of the optically active agent with some optically active com¬ 
ponent of the living tissue. Such diastereoisomers have different prop¬ 
erties and hence would be expected to cause differing physiological 
action. 

The properties of racemic modifications will be discussed later 
(p. 248). Generally the racemic forms differ in many respects from the 
optically active isomers. 

Principle of Free Rotation. Ethane exists in only one form. This 
means that the two carbon atoms in ethane (Fig. 15) and its derivatives 
must be able to rotate with reference to each other about the single bond 
joining the two together. For example, lack of free rotation in ethylene 




bromide would indicate an indefinite number of isomers. Figures 16, 17, 
and 18 represent three such possibilities. Since the number of isomers 
agrees with the idea that the carbon atoms are free to rotate, this 
principle has been accepted as holding true for all simple molecules and 
must be kept in mind in considering structural formulas or models. 

Certain types of molecules have been found in which atoms are joined 
by a single bond but are so substituted that the rotation is restricted 
or prevented. These molecules will be considered in Part VIII. 
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Compounds Containing Two Different Asymmetric Carbon Atoms 

A substituted ethane of the general formula Cabc ~^ C °^2h 
different asymmetric carbon atoms, and^ cons rue 2 l,and22 

shows that four optical isomers corresponding to Figs. 19, 

should exist. 






and many cases arc known isomers is important. The 

obtained. The relationship ^ image of that represented 

molecule corresponding to Fig- these two, therefore, con- 

by Fig. 20. An equnnolecular n«tu ^ molccu , cs reprcscnt ed 

stitutes a racemic modlficariom modification. 

by Figs. 21 and ^^^'^olSes represented by Figs. 19 and 
The relationship bctwcei identica i n „d arc not mirror images 

21 is quite different. They f „ tw0 mo dcls shows that 

of each other. A careful SX£7tta group.. Thus, with the 
they differ in the spatial distribution ^ « group b in both pigs. 

models in the position shown wtihtg P w lhan in Fig . 21 , and 

19 and 21, it is clear that eUs closer ^ ^ ^ rcasori| the molecules 

the same » true for group f caUc d diaslereoisomcrs.' Similarly, 
represented by Figs. ana is a diastercoisomcr 

Fig. 19 is also a diastercoisomcr iff Fig^ 22^ 6- dis(anccs bctwccn 

of Fig. 21 or 22. ^ q{ mirror images, 

distance from thc other five groups ^ ^ ^ £pacc relationship 

enantiomorphs, therefore, u g i l" A» U fV 

. # 4 «rived from four Crook words: 6u». through, crtptoi. 
* The word diastcrcouiomcr >* den lhroUgh bpiir0 . The term dmmer. u 

•olid or Bjxxce-, too*, equal ; ond M«/~ • • this U;Tm r^mblca dimer so closely Unit 

contraction of diastercoisomcr. is also u . 
it may lead to confusion. 





230 


ORGANIC CHEMISTRY 


to each other; the only difference is their arrangement. These diastereo- 
isomeric relationships and the above-mentioned enantiomorphic rela¬ 
tionships hold true, even though one carbon atom rotates with respect 
to the other.* The mirror-image relationship will exist at any point in 
the synchronous rotation of the mirror images. 

Diastereoisomers differ from each other in physical properties, 
such as optical rotation, melting point, and solubility. Their chemical 
reactions are of the same type, since they possess the same functional 
groups, but the rates of reaction are different. 

Notation. Various schemes of notation have been developed for 
representing these space models on paper. Figures 23, 24, 25, and 26 



Fio. 23 Fio. 24 Fio. 25 Fio. 26 

indicate one method for representing the space models shown in Figs. 
19-22. The asymmetric carbon atoms are understood to be present 
where the lines cross, f According to another scheme the top asym¬ 
metric carbon atom is represented by the capital letter A and the bottom 
one by B, and the configurations by plus, (+), and minus, ( —), signs. X 
Figure 27 thus summarizes the number of isomers for a molecule with 
two different asymmetric carbon atoms. 

A + - + - 
B 4 - - - + 
dl dl 

Fio. 27 

Formation of a Compound Containing Two Different Asymmetric 
Carbon Atoms from a Compound Containing Only One Asymmetric 
Carbon Atom. As n specific example of this transformation the bro- 
mination by the modified Hell-Yolhard-Zclinsky method of dextro -&- 
methylvaleric acid (Fig. 2S) may be considered. The configurations ol 
the two possible bromo acids arc shown in Figs. 29 and 30. 

• The student should satisfy liimsvlf that these relationships and statements uro true 
by actual construction of the models. 

f In using this system, it is important to visualize the j>ositions of tho groups relative 
to the plane of the p:i|»er. The groups cb are in the plane of tho paper and the groups 
tictlf are ubove the plane of the paper extending toward the observer. This is in accord 
with the Fischer convention. Sec Hudson, J . Chan. £*«/., 18, 353 (lt)41). 

X (‘are must Ik* taken not to confuse the plus or minus signs with dhection of rotation 
The signs merely denote possible configurations. 
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The bromine may replace either of the two a-hydrogens in the dextro 
acid, resulting in the two optically active diastereoisomers represented 
by Figs. 29 and 30 in which the top asymmetric carbon atoms A have 
different configurations, but B has the same configuration as in the 
starting material. The important point to be noted in such a reaction is 
that the two diastereoisomers (Figs. 29, 30) are produced in unequal 

CO a H CO a H C0 2 H 


a+! 

I 

l 


-u 


-CH, 


Fio. 29 


-ce. 


u- 


\B+ 


dextro 

F10.2S 


-Br 


-CH, 


Fio. 30 


A- 




amounts This is due to the fact that in the optically active molecule 
(Fie 28) the two hydrogen atoms bear different relationships to the 
groups about the asymmetric carbon atom B. Hence, they will react 
with the bromine at different rates, and at the end of any given tune the 
two products (Figs. 29 and 30) will be present in unequal amounts This 
production of disa-stercoisomers in unequal amounts is general for all 
such reactions. It is possible, of course, that equal amounts might 
result, but this would lie purely fortuitous. Also, one reaction may pro- 
ceed so rapidly that only one product is actually isolated. 

In the same manner, the bromination of fero-d-methy valeric acid 
(Fig 31) produces the two diastereoisomcnc bromo acids (Figs. 32, 33) 
in unequal quantities but in amounts inversely pro,>ort.onal to those 
obtained from the dextro isomer. 


co a n 


co,n 



corn 


li¬ 


en 


-Br 


-II 


Fio. 31 


Fio. 33 


If the racemic modification of 0 -methylvalenc acid (consisting of oO 
per cent dextro, Fig. 28, and 50 per cent leva, I- .g. 31) is brommated all 
four bromo acids will be produced. Owing to the fact that lie a-hydro- 
gen atoms in Figs. 28 and 31 have similar relationships, the molecules 
corresponding to Fig. 29 and Fig. 33 will be formed in equal amounts and 
constitute one racemic modification, and Figs. 30 and 32 constitute a 
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second racemic modification. The relative amounts of these racemic 
modifications will be different since their constituents bear a diastereo- 
isomeric relationship to each other, as pointed out above. These two 
racemic modifications will have different physical properties and may 
be separated from each other by crystallization. In this connection, 
it should be recalled that enantiomorphs possess the same physical 
properties and cannot be separated by a process such as fractional 
crystallization. 

These relationships are of fundamental importance, and must be 
thoroughly understood. Most asymmetric syntheses (p. 308) and the 
kinetic method of resolution (p. 260) ultimately rest upon the production 
of diastercoisomers in unequal amounts. The most important method 
of resolution of racemic modifications (p. 256) rests upon the differences 
in physical properties of diastercoisomers. 


Compounds Containing Two Similar Asymmetric Carbon Atoms 

The classical examples of molecules of this type are the isomers of 
tartaric acid, shown in Figs. 34, 35, and 36, and summarized in Fig. 37. 



d-Tartaric acid is composed of two identical dextrorotatory carbon 
atoms, and the entire molecule is dextro (Fig. 34). Its mirror image, 
Martaric acid, is made up of two identical tevorotatory carbon atoms, 
as shown in Fg. 35. The cquimolecular mixture of the two constitutes 
the racemic modification. 

Racemic and meso-Tartaric Acids. The molecule represented by 
Fig. 36 constitutes a new isomer. It is composed of one dextrorotatory 
carbon atom, and an exactly similar tenorotatory carbon atom. Since 
the two asymmetric carbon atoms are exactly alike, but rotate the 
plane of polarized light the same number of degrees in opposite direc¬ 
tions, the net rotation will be zero, and the molecule is optically inactive. 
This conclusion is confirmed by examination of the model, since it is 
clear that a plane of symmetry passes through the center of the molecule 
on the line PP'. This form is called meso-tartaric acid. It is optically 
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inactive by internal compensation as contrasted with di-tartanc acid 
which is optically inactive by external compensation. There is only one 
meso form of tartaric acid since the compound obtained by exchanging 
the hydrogens and hydroxyl groups of Fig. 36 is identical with Fig. 36. 
This meso form is a diastereoisomer of the d- and /-tartaric acids and 
differs from them in physical properties. Some of these differences are 

shown in Table I. 

TABLE I 


Comparison or Physical Properties of the Four Tartaric Acids 


Property 

d-Tartaric 

f-Tartaric 

df-Tartaric 

(Compound) 

meso- 

Tartaric 


170° C. 

170® C. 

200° C. 

140° C. 

9 TAniTfitinn —a i. .... . . 

0.00117 

0.00117 

0.0011 

0 00077 

3 Ionization—Ka. • • • • • • 

0 000059 

0 000059 

0 000058 

0 000016 

4 Density... 

1.76 

1.76 

1.687 

1.666 

5. Solubility (g. in 100 g. 

nt 15°). 

139 

139 

20.6 

125 

/> D nf an a! llfA t / 1 O V 



1 4246 

1.4315 

o. Keiracuve inucx. ... 

7. Specific rotation (ol?? 
(20 per cent solu¬ 
tion HiO) .. 

+ 12 

-12 

Inactive 

Inactive 

8. Dipole moments of 
diethyl esters.. 

3.12 X 10-»* 

3.12 X 10-'* 

3.16 X 10-'* 

3.69 X 10" 18 

9. Boiling points of di- 
pfKvl eg tent.. .. 

157711 mm 

1577H mm 

157711-5 mm. 

157.5714 mm 




158714 mm. 



The data in Table I indicate that the d- and Worms have the same 
physical properties except their effect on plane-polar,sel Ugh,t. The //- 
and meso-tartaric acids differ in phys.cal properties from each other 
and from the <f- and 1- forms. The data on the diethyl estemareo 
interest since they indicate that the boiling points of the isomers are 
very close together (see footnote, p. 256) The dipole moments of the 
d., 1, and dWIiethyl tartrates are identical (within experimental er or) 
but that of the meso-diethyl tartrate is distinctly higher, which is Wither 

evidence for the configuration assigned to it. 

Optically active molecules containing more than one asymmetric 
carbon atom have a rotation which is the algebraic sum of ‘ Ok ' rotat.ons 
of the individual asymmetric atoms. The best evidence for this is the 
fact that the meso form is optically inactive. 
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Compounds Containing Three Different Asymmetric Carbon Atoms 

The conversion of molecules with two different asymmetric carbon 
atoms into compounds with three different asymmetric carbon atoms is 
shown diagrammaticaUy in Fig. 38, in which the arrows represent 
chemical reactions which generate a new asymmetric carbon atom 
different from the two already present. 


dl dl 

e Ac\ />c\ 

A+- + - + -+ - 

£ + - + -- + - + 
C + - - + ^ jb +. ~ 

dl dl dl dl 

Fio. 38 


CH 2 OH 

OHOH 

OHOH 

OHOH 

d;HO 

Fio. 39 


There will be eight optical isomers existing as four racemic modifica¬ 
tions. Any one isomer is a diastercoisomer of each of the others except 
its own mirror image. The aldopcntoscs (Fig. 39) constitute a specific 
example of this type, in which all the eight isomers are known. 

Each racemic form of the molecule containing two different asym¬ 
metric carbon atoms produces two racemic modifications of the com¬ 
pound with three asymmetric carbon atoms, and these two racemic 
forms will be produced in unequal amounts. 

Compounds Containing Three Asymmetric Carbon Atoms, Two of 

Which Are the Same 

The trihydroxyglutaric acids obtained by oxidation of the pentoses 
have been found to exist in the forms shown in Figs. 40, 41, 42, 43, and 
summarized in Fig. 44. 

In the molecules corresponding to Figs. 40 and 41 the two end asynu 
metric carbon atoms (as in Fig. 44) are either both dcilro or both levo, 
respectively. The entire molecules are mirror images of each other and 
constitute a racemic modification. In these models the central carbon B 
is not asymmetric, since two of the groups attached to it are identical. If, 
however, the two end asymmetric carbon atoms have opposite con¬ 
figurations, i.e., one A is dextro and the other A is levo , then B has four 
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different groups attached to it. The question therefore arises as to the 
effect such a carbon atom exerts on the molecule. Examination of the 
two models* corresponding to Figs. 42 and 43 shows that each possesses 
a plane of symmetry drawn through the central carbon atom and its 
hydrogen and hydroxyl groups. Hence, these molecules are not asym¬ 
metric and, therefore, cannot affect plane-polamed light. Experiment, 


H 


t 

-H 


_OH 


All 

A 

—KJlX 

A TT 


CO*B 



co 2 u 
Fio. 43 
mcsoi 


A 

B 
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+ - 


+ 
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Fio. 44 


(a,”*) ( m ‘p?T>7-) (m.p., 170*) (m-P. >«*> 

(/(-Modification 

reforms. Since, however, the central carbon can 

configurations by exchanging the H and OH groups as shown ,n Figs. 42 

and 43 there will be two meso forms. 

A carbon atom of this type, although it holds four different groups 

possesses a plane as.vm- 

such pseudoasymmetric carbon atoms m the n ‘>“‘ t ^°wnby F g. , 
they are represented by circles containing plus or minus signs. 


Compounds Containing Four Asymmetric Carbon Atoms 

The presence of four different asymmetric carbon atoms in a com- 
pou^rr* sixteen optica, isomers which can 
modifications Figure 45 summarizes the possibilities for such molecules. 
The aSexoscs (Rg. 46) are molecule, of this type. All sixteen isomers 

-*Ez ..n.™.... ^ - *** 

asymmetric carbon atoms there will be only eight active forms existing 

^sawrMS:==sra=“ - 
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as four racemic modifications and two additional meso forms. Figure 48 
represents the isomers of the dibasic acids (Fig. 47) obtained by oxida- 
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Fio. 45 



Fiq. 46 


tion of the primary alcohol and the aldehyde groups of the aldohexoscs 
(Fig. 46) mentioned above. 

co 2 h 
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dl 


dl dl dl meso meso 

Fio. 48 

Compounds Containing Five Asymmetric Carbon Atoms 


Construction of the models of a molecule containing five different 
asymmetric carbon atoms shows that thirty-two optical isomers exist 
as sixteen racemic modifications. A study of the number of isomers 
found in compounds containing different asymmetric carbon atoms 
in a chain has shown that the number is equal to 2 n where n equals the 
numbe r of asymmetric carbon atoms. This formula is used, therefore, 
to del nine the number of isomers rather than building the models or 
drawing the possibilities by the A, B, C, D, E notation. 

A molecule of the type A-B-C-B-A is interesting because of the ques¬ 
tion concerning the influence exerted by the carbon atom C on the prop¬ 
erties of some of the isomers. A summary of the sixteen possible 
isomerides is shown in Fig. 49. 

The isomers numbered 1, 2, 3, 4 constitute two racemic modifications. 
Since the ends of these molecules are identical, carbon C is not asym 
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metric. In forms 5, 6, 7, 8 a plane of symmetry is present and the ends 
AB are mirror images of each other. Hence, C is now pseudonym- 
metric and four meso forms result. The remainder of the isomers (9-16) 
constitute four racemic modifications. The question concerns the 
properties of these eight forms in each of which the only difference be¬ 
tween the A-B- on one end and the -B-A on the opposite end of the mole¬ 
cule is in the sign of one of the A’s or B’s. Thus in the molecule 9 the 
two B’s are both deitro, but one A is dexlro and the other leva Is C 
truly asymmetric in this molecule; i.e does it affect plan^polamed 
light and contribute to the rotation of the molecule as a whole. There 
are two possible solutions, neither of which has as yet been established 
by experiment. 
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the first possibility C may be truly asymmetric, since 
According to the firet po^ y forms 9 _i 6 will consli . 

tu^f^u^racernic^modiTcations 1 Each form trill have rotations and 
physical properties different from those of all the others except its own 

mirror image. _ j u IA + 


and 


ror image. 

On the other hand, the slight differences represented by 
| B '+ aa in form 9 may not enable C to contribute to the total rotation 

i * rest issrsss 

pairs, 10 and 12, 13 and 15, 14 and 16. 

Compounds Containing Asymmetric Carbon Atoms in a Branched- 

Chain Structure 

The preceding 1- 

werepresenUn a single carbon chain. In branched-chain compounds 
the number of isomers varies somewhat. As long as all the ^ymmetnc 
carbon atoms are different the total number of isomers is equal to . 
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Thus, in a molecule of the type in Fig. 50, in which A*, £*, and D* are 
different groups containing an asymmetric carbon atom, the central 
atom C is also asymmetric; hence, since there is a total of 4 asymmetric 
carbon atoms there will be 2< or 16 isomers existing as 8 racemic modi¬ 
fications. In a molecule of the structure shown in Fig. 51, there arc 


B' 


— D* 


ii 

Fiq. 50 


B* 

*— &—D* 

£ 

Fio. 51 


5 different asymmetric carbon atoms, and hence 2 s or 32 optical isomers 
(16 racemic modifications). In these types of branched-chain com¬ 
pounds, therefore, the number of isomers is the same as exists for a 
chain comoound with the same number of different asymmetric carbon 
atoms. 

Special Cases 

Molecules containing three similar asymmetric carbon atoms at¬ 
tached to a single carbon atom exist in only four active forms constitut¬ 
ing two racemic modifications. These forms are represented in Fig. 52, 
in which the capital letter A represents an asymmetric carbon atom and 
three such groups arc attached to a central carbon shown by the tetra¬ 
hedron. It is evident that the central carbon is never asymmetric under 



■V-' '-*- 

dl dl 

Fio. 52 


these conditions,since either two or three groups attached to it are identi¬ 
cal. In constructing models of these compounds, and also in representing 
their arrangement on paper, it is important to note that the mirror 
image of A + is A~. 

A compound with four similar asymmetric carbon atoms (A) at¬ 
tached to a single carbon may exist in two racemic and a incso modifica¬ 
tion, as indicated by the formulas of Fig. 53. 
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If there are two similar asymmetric carbon atoms A,A and one 
asymmetric group, B, different from A, then there will exist eight active 
4 + a~ A+ AT A + 



isomers as four racemic 
54-61. 


Fio. 53 

modifications: these are summarized in Figs. 



B' 



dl 


dl 




In the first four forms, Figs. 54, 55, 56, 57, the central carbon 
atom represented by the tetrahedron is not asymmetric smee a 
least two groups are identical. In the last four forms the central 
carbon atom has attached to it a + A and a - A m each case. These 
four models, Figs. 58, 59, 60. and 61, however, arc active owing to 
the group Ii. No data arc available concerning the relative optual 
and physical properties of isomcis like Figs. 58 and 60 The same is true 
for Figs 59 and 61. The enantiomorphic forms, Figs. 58 and 59, will Jun e 




dl 


dl 


Mathematical formulas have been developed by Senior* for calculating 
the number of isomers in these special cases. 

‘Senior. Ber.. 60B. 73 (1927). 
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An unusual special case occurs in the oxime (Fig. 63) of a ketone of 
the type shown in Fig. 62. The ketone has two similar asymmetric car- 


a 



a 

Fio. 62 


b — d) — c 

<Un/° H 

b —c 


a 

Fio. 63 


A + — 

+ — 
Fig. 64 


cLn/° H 

I 


C=Nv 
| X OH 


* 


Fio. 65 


bon atoms, and hence exists in a racemic and a meso modification. The 
syn- and anfi-oximes of the racemic form of the ketone (Fig. 64) are 
mirror images of each other, as is evident from the fact that the end 
groups are identical. The two oximes shown in Fig. 65 are derived from 
the meso form of the ketone and are optically active because they con¬ 
tain no plane of symmetry. The two forms of Fig. 65 are mirror images 
of each other and constitute a racemic modification. This is rather 
difficult to visualize from the two-dimensional figures, and it is neces¬ 
sary to construct the models in order to demonstrate the mirror-image 
relationship. 

• There arc other special cases involving various arrangements of 
asymmetric carbon atoms, but the number and nature of the isomers can 
be readily worked out, using the principles discussed above. 
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PART IV. RACEMIC MODIFICATIONS 
1. Formation 

By Synthesis. In the foregoing section it has been pointed out that 
the conversion of a molecule of the type Ca^bc into one of the type 
C abed yields a product which is an equimolecular mixture of the d- and 
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(-antipodes called a racemic modification. Similarly the synthesis of 
molecules containing two, three, or more asymmetric carbon atoms 
results in the formation of racemic modifications. All ordinary chemi¬ 
cal reactions carried out on optically inactive compounds without the 
use of any optically active reagent and in the absence of circularl> 
polarized light invariably produce racemates as the products 

By Mixture of Enantiomorphs. If equimolecular quantities of the 
dr and (-antipodes are mixed the resulting product is optically inac¬ 
tive by external compensation and therefore constitutes a racemic 

m0d By C toe 0 Racemization of an Optically Active Form. Optical isomers 
exhibit varying degrees of stability, and by stable ^tment most.of 
them are ultimately converted to the racemic modifications. If the 
starting material is the dexlro form this change involves the conversion 
of half of this d-form to the (-form,and vice versa for the racemization of 
an initial (-form. This phenomenon of racemization ^y bc accom- 
nlishcd by purely physical agents such as heat, light, or solution in a 
solvent It may also be accomplished by a change in structure involv¬ 
ing the formation of an optically inactive intermediate which reverts 

” P%;L°t“L Many nompon.d, n-.—d 
by heat If d-tartaric acid is heated with a small amount of water the 
^ i ,,!♦« tnrrother with a small amount of the meso form. 

Snylbromoacetic acid in benzene -solution raccmizes in three years 

on standing at room temperature- Other ^ 

minutes. Some compounds even racemize «h.le in the s ^ d slatc ^ _ 

Bat 'ln general it C °™^^^nietric ^caAcm^aloni U under^ 

55 . similar molecules in which the functional 

of physical agents has " uffic ‘, j om . rRV „ that the amplitude 

1 Walden. Bcr.. 31. 1410 (180S). 

* Werner. "Lchrbuch der Storeochem.*. Jena 1004). p. • 
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day tetrahedral 
follows: 


a 



c 


d- Form 


concept the racemization would be represented as 

a 



c 


t 

Planar intermediate /-Form 


There is, of course, no proof of such a mechanism. The energy 
content of optical enantiomorphs is identical, but this does not mean that 
the interconversion is easy. A considerable amount of activation energy 
may be necessary to effect the interconversion. A curve representing 
the change in activation energy with composition is shown in Fig. 1. 

d 

t 

d --Z 

Fio. 1 



If the energy difference (a in Fig. 1) between the d - or Z- and the 
optically inactive planar intermediate is great then the interconversion 
is difficult and requires drastic conditions, whereas if the difference is 
small then autoraccmization takes place. 

Computation of the energy required to form the planar intermediate 
(shown above) shows that this mechanism is rather improbable. The 
activation energy for this process appeal's to be about 88 keal. per mole.* 
Since only about 58.0 keal. is required to break a carbon-carbon bond it 
appears that purely thermal raccmizations probably occur through some 
process which involves breaking of a bond attached to the asymmetric 
carbon atom rather than vibration of the groups into a planar arrange¬ 
ment. 

It has been found that /-butanol-2 undergoes partial racemization 
when its vapors are passed over zinc chromite, copper, or chromium 
oxide at temperatures from 132° to 218° whereas no racemization 
occurred over Pyrex glass at G00°. Calculations show that the racemiza¬ 
tion is probably not due to reverse reactions from either dehydrogena¬ 
tion or dehydration but very likely is due to a dissociative adsorption of 

3 Kincaid and Henriques, J. ,lm. C ‘hem. Soc., 62. 147-1 (1040). 
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the alcohol by the catalyst.* Such a process involves actual breaking of 
one of the bonds directly attached to the asymmetric carbon atom. 

The kinetics of racemization has been studied by many investigators 
and the determination of the velocity constants and the half-life periods 
of optical isomers has proved to be of great value, particularly in correlat¬ 
ing ease of racemization with certain structural factors such as the size 
of the groups in the biphenyls. 

Racemization is a reversible monomolccular reaction. The equations 
for the calculations of the velocity constants may be derived as follows: 

Consider the racemization of a pure d-form, 

d 5 = l 


If a = initial concentration of the d and * the amount of d changing 
to l in the time (, and fc, and k 2 the velocity constants, then smee 
k,=k 2 = k because the rate of change of the d -form is equal to the rate 
of change of the Worm, the differential equation becomes 


Integrating, 


it. = k(a - x) - kx = k(a - 2x) 

dt 


rr2i 


Since the concentrations are proportional to the rotations if *o « 
the original rotation and a, the rotation at the end of the time I, i.e., 


then 


aocc a 

at a (a - 2 z) 

2.3. ao 
k ~ ¥ l0E, ° a. 


The half-life period T represents the time in which one-fourth of the 
original d has bee" converted to f and is calculated from the equation: 

r = H logio 2 

Racemization Involving Taulomerizalion. If the asymmetric carbon 
atomTTn the a-position to a group capable of undergoing tautomeric 

I"*" npbcU ...d Campbell. IW.. #*. 3*34. (193Z). 
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change 6 then racemization takes place very readily. The enolization 
of a ketone may be represented by the following general equation. 



Enolization destroys the asymmetry of the molecule, and hence 
when the enol form reverts to the keto form the probability of obtaining 
the d-form is equal to the probability of obtaining the Worm thus 
resulting in the racemic modification. In support of this mechanism, it 
has been found that, whereas mandelic acid (Fig. 2) readily undergoes 


racemization, 

OH 

I 

C«Hs—C—COaH *=* 

I 

H 

d-Fortn 


OH 

I / 


OH 


OH 


CeHfi—C=C—OH *=± CfiH*—C—H 


CO*H 

l -Form 


Fio. 2 


the active atrolactic acids (Fig. 3) are stable and do not undergo race¬ 
mization; 7 the stability is due to the fact that no hydrogen atom is 
present on the asymmetric carbon atom and hence enolization is not 
possible. 

OH 

I 

CeHj,—C—CO*H 

I 

CH, 

Atrolactic add 

Fio. 3 


McKenzie and Smith 8 studied the ease of racemization of the follow¬ 
ing series of amides and found that J-atrolactamide (Fig. 4) does not 


CH, 

1 

C e H*CCONH, 

OH 

H 

1 

CflHftCCONH, 

1 

H 

H 

j 

CeHfcCCONH, 

| 

| 

CeHfcCCONH, 

1 

C fl H 4 CH,(p) 

OH 

OCH, 

Fio. 4 

Fio. 5 

Fio. 6 

Fio. 7 


Increasing rate of raccmiiation 


• Kipping and Hunter. J. Chem. Soc.. 

83. 1009 (1903). 



7 McKenzie and others, ibid.. 107. 702. 1081 (1916); 123, 1962 (1923) ; Ber 68. 894 
(1925); Schulze and Bosshard, Ber., 18. 388 (1885) ; Rothc, Ber., 47. 843 (1914); Wren. 


J. Chem. Soc.. 113, 210 (1018). 

• McKcnzio and Smith, J. Chem. Soc.. 121, 1348 (1922). 
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undergo racemization in the presence of traces of alkali or potassium 
ethoxide in absolute alcohol. The other amides (Figs. 5 6, and 7) show 
increasing rates of racemization, which phenomenon parallels the ease of 

enolization of these compounds. tl 

McKenzie and Wren 9 have studied the action of alkaline reagents 
on active esters. Saponification of 1-ethyl mandelate with dilute aqueous 
alkalies causes little or no racemization, but the action of alcoholic 
potassium hydroxide causes considerable racemization. The explanation 
is based on the fact that aqueous alkalies cause saponification by the 
following reaction: 

OH 


CtlU- 


/° 

-C—OC s H» + KOH 



+ CjHjOH 


The asymmetric carbon atom is not affected and hence the product 

"“vet when alcoholic potassium hydroxide is the reagent the 
solution contains some potassium ethoxide. 

CjHiOH + KOH J=t CjIUOK + H,0 

The potassium ethoxide reacts with the optically active ester to 

rr=s s; 'g&rsxrxs 

OH 


OH 


.0 


C«Hr—C—C—OCiH» + KOCjH* 


H 

Uvo 

OH 


BOH 


c ' h - A - C Ch. + C ' H ‘ 0H 

1! 


C«H[—C—COOK + C»H*OH 


KOH 


OH 

I 


C—0C*H6 


II 

Racemic 


II 

Racemic 


inactive ester enolate or the racemic ethyl mandelate would, of course, 
produce racemic potassium mandelate. 

•McKonxie and Wren. *U.. 116. 002 (1919); Erlennrcycr. Schcnkel. and EppreebU 
Hdv. Chim. Ada. 20. 307 (1937). 
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Conant and Carlson 10 studied the rates of enolization of five optically 
active ketones of the type shown in Fig. 8 by noting the rates of racemi- 


R 

I 

At-—C—COC H 3 

I 

H 

Fio. 8 


zation. The relative rates were found to be dependent on the nature of 
the catalyst and solvent. 

The use of deuterium compounds has been introduced m order to 
obtain experimental evidence on the interrelationship between enoliza¬ 
tion and racemization. Hsu, Ingold, and Wilson 11 compared the rate 
of racemization of the optically active /-phenyl sec-butyl ketone 
(Fig. 9) with the rate of introduction of deuterium when the ketone was 
treated with sodium deuteroxide in dioxanc-deuterium oxide solution. 
The steps in the process arc probably: 


1. Formation of anion. 


CelUCO—C—CHa + Na+(OD)- 

I 

H 

I'TO 

Fio. 0 


C,H* 

[C.H.CO— C—CH,]-Na + + HOD 


2. Racemization. 


O C 2 lh 

II l 

[C e lUC—C—CHa] 


Na 


3. Regeneration of ketone. 

O C«H$ 

II I 

[Cell*—C—0-CHa]-Na + + D*0 


o- C 2 H* 

[CeH*—C=*C—CHa] "Na ► 


Inactive 


O C*H* 

Cells—C—C—CHa + Na + (OD) 
D 

Rnccmic 


10 Conant and Carbon. J. Am. Chem. Soe.. 64. 4048 (1932). ..... „... 

.. IIsu. Ingold, and Wilson. J. Chem. Soe.. 78 (1938). See also Ingold and Wilson. 
J. Chew. Soe.. 773 (1934); Bartlett and Stauffer. J. Am. Chem. Soc. 


67. 25S0 (1935); Hall 


and Wilson. J. Chem. Soc.. 623 (1936). 



OPTICAL ISOMERISM 247 

By means of a large excess of deuterium oxide the third reaction can 
be driven to completion for all practical purposes. It was actually found 
that the rate of racemization of the optically active ketone paralleled 
the rate of introduction of deuterium. Both processes followed the 
first-order rate law within experimental error. The actual rates were 
not quite identical, but this is ascribed to the fact that the deuterium 
oxide contained some protium oxide. Protium exchanges at a more 
rapid rate than deuterium, and hence the ketone racemized a little more 
rapidly than would have been anticipated if deuterium alone had been 

If a monobasic acid derived from a sugar is dissolved in pyridine or 
quinoline and heated, a change in the configuration ,if the asymmetric 
carbon atom alpha to the carboxyl group takes place. 1-igurcs 10, 11, 12, 

CHjOH 
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Fig. 11 


Fig. 12 



and 13 represent the interconversion of f-arabomc and f-nbomc and of 
d-gluconic and d-mannonic acids. The basic solvent used preren.s 
lactone formation and also catalyzes the transformation to an eno c 
intermediate which obviously can affect only the configuration of the 
a-carbon atom. The reaction is revocable and hence rep.^ent. a. con¬ 
figurational change of the ^symmetric carbon atom whereas . he othe, 
asymmetric carbon atoms are unaffected. Such a change in the co ¬ 
loration of one asymmetric carbon atom in a molecule which conta s 
two or more asymmetric carbon atoms is called cp.mcruCon. 
epimerization of the sugar acids discovered by Emil Fischer^ si, .a 
true racemization since the products are d.astcrco.somcrs and not m or 
images. The formation of these cpimers ,s best explained on the assump- 

tion of an cnolic intermediate. _ 

Evidence supporting this concept has been obtained by Erlenmcjer 
and his associates, who found that treatment of f-men hyl d-phcnyl- 
bromoacetatc in ethyl dcuteroxidc with potassium ethox.de caused 
epimerization to take place rapidly. An isotopic analysis of the recoN- 

1117 w n o* 700 nRflO)-24. 2137. 3622. 4215 (1801); 27. 3193(1804). 

*■* ioM 30 - 

367 (1037). 


13 
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ered ester showed that 0.702 hydrogen atom had been replaced by 
deuterium per mole. The theoretical exchange value is 0.70 calculated 
from consideration of the equilibria and assumption of enolization be- 
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fore epimerization. It should be noted that the above process involves 
the following stereochemical changes: 


A + 
B - 
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B - 
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and 


A - 
B - 




2. Properties of Racemic Modifications 

The physical properties of a racemic modification generally differ 
from those of the enantiomorphs from which it is derived. The rela¬ 
tionships between some of the physical constants of the racemic and 
the optically active forms arc discussed below. 

A racemic modification may exist in three forms in the solid state. 
These solid phases may be racemic mixtures, racemic compounds, or 
racemic solid solutions. Analogous types are found among many com¬ 
mon inorganic salts. Thus, copper calcium acetate exists as a mixture 
of the two salts above 75° but forms the double salt below this tem¬ 
perature. The racemic solid solution is analogous to isomorphous 
crystals, such as the alums which form mixed crystals in all proportions. 

Racemic Mixture. This modification is a mechanical mixture of 
individual crystals of the dcxlro and Icvo forms. In some compounds, 
notably in sodium ammonium tartrate, the crystals may possess hemi- 
hcdral facets and be themselves enantiomorphic (Figs. 14 and 15). When 
carefully formed, they may be distinguished from each other with the 
aid of a. hand lens and separated mechanically. 

Racemic Compound. A pair of enantiomorphs can often unite to 
form a molecular compound, all the crystals of which contain equal 
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amounts of both isomers and are identical. Heat is w»U y ^olved dur¬ 
ing its formation, and its physical propert.es are markedly different from 
those of its components. Since, however, almost complete 
occurs when compounds of this type dissolve, ordinary cryoscop.c meth¬ 
ods fail to establish a multiple molecular weight. Presence of an e_ 
cess of one of the active modifications, however .limits the «£nt oMhc 
dissociation. Thus Walden » and Patterson •• have been abl.toshow 
that the values for the molecular weight of racemic diacetyltarrate are 
considerably greater when determined in active diacetyl tart.ate as 
solvent than in water a-s the solvent. 




FlO. H* 

_ . q u j Colutiont If a pair of enantiomorphs arc also 

isom^ry 22 

pound. However, .t^ers om ^ ^ actWe form still act as a 
S£ 2e“as 8 any mire composed of a racemic compound and 
cither active formconst.tutwt^phas^ Modifications. 

In srs^rhTr^retypes -—— 

^'^Freezing-Point requires the preparation of a 

freeSg loinf-composition diagram for mixtures of the racemic mod.fica- 

, _ . r-i-miKirv " Tho Macmillan Co.. New York (1928). 

• Cohen. "Theoretical Organic C hcm.stO. 

(Courtesy o( tho publi.hor«.) AmcM U. /I'.".. 2*7. 121 «*M) • Frunklon.1 

«-■ — • M 503 

(1902). 

»• Walden. Her.. 39. 600 (1906). 

“ Patterson, Dtr.. 38. 4092 ( **?*£. crY8t al." hitherto used to describe this modif.ca- 

t Tho term "pseudoracem.c nuxed-crysia.. 
tion, was introduced by Kipping •»«* 1 °pe. 

» Roozeboom. Z. Phyik. Ch<».. 28. 494 (1899). 
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tion with its corresponding antipodes. One may then distinguish be¬ 
tween the three types in that the diagram for a racemic mixture is 
composed of two curves (Fig. 16); for a racemic compound, of three 
curves (Figs. 17 or 18, depending upon whether the freezing point of 
the racemic compound is higher or lower than that of the antipodes); 
and for a racemic solid solution, one line (Fig. 19). 

Since each of the possible diagrams is symmetrical, only one of the 
enantiomorphs, together with the racemic modification, is necessary for 
the study. 



Fia. 16 Fio. 17 Fio. 18 


In order to determine whether a racemic mixture or racemic com¬ 
pound is formed, it is merely necessary to add a small amount of either 
the pure d- or pure Worm to the racemic modification and determine 
the freezing point. If this freezing point is higher than that of the 
original racemic modification a racemic mixture is present; if lower, a 
racemic compound is indicated. As is evident from the diagrams of 
Figs. 17 and 18, care must be taken not to add too much of the d- or 
/-form since the freezing point of this composition might fall close to 
one of the vertical axes and a rise in freezing point would be obtained. 



0 %d 
100 */ 


Fio. 19 


This method cannot be used if the components form a racemic solid 
solution since the liquidus and solidus curves become identical and hence 
there is only a straight horizontal line between the identical melting 
points of the d- and /-forms. (See Fig. 19.) 
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Solubility Method. Roozeboom and also Bruni '• have discussed 
the solubility relationships which should exist between optical enanti- 
omorphs, racemic mixtures, racemic compounds, and racemic solid 
solutions from considerations of the phase rule. The eurves shown have 
not been established experimentally, nor have their exact shape and 
slope been determined. No experimental data have been presented 
which definitely correlate the melting-point curves given above with 

solubility curves. - ... 

According to Roozeboom, just as the presence of a second fusible 

solid phase lowers the melting point of an organic compound, so the 

presence of a second soluble phase alters its solubility. Hence, if a 

solubility-composition isotherm for mixtures of a racemic modification 

with its corresponding cnantiomorphs is plotted, the resu t is he same as 

in the previous method, i.e., a racemic mixture gives rise to cunc , 

racemic compound to three curves, and a racemic solid so ution to one 

curve. Here, again, the diagrams arc symmetrical, so that onlj one of 

the active isomers is needed for the study. 

The conclusions drawn from this method are valid only for the par¬ 
ticular temperature at which the solubilities are determined. Suppose, 
for examplc tha, a substance crystallizes from water as a racemic mix¬ 
ture at a temperature The solub.hty-compos.t.on .sothe.m /, (1 g. 
20), then has the form acb, where a and b arc the solubilities of the pure 
d-form and pure f-form, and c the solubility of the mixture. The 




branches ac and 5= 

mclmic modSion can crystallize as a compound at a higher temper- 

" Bruni. Carr. chim. Hal.. 30. » l 1 WO. wlul «. „ nd solvent. The point 

• The thupc o. th«a curve. de£nd. on U» ^ ^ ^ ^ ^ ^ ^ ^ 

c may also lie on a straiRnt line ix 
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ature, t?. Its solubility-composition isotherm then has the form dfhge ; 
df and eg have the same meaning as ac and be, but instead of being joined 
together directly, they are attached to the curve fhg, in which h repre¬ 
sents the solubility of the racemic compound, and hf and hg represent the 
change in its solubility in the presence of increasing amounts of the d- and 
/-forms, respectively. The points / and g therefore represent solutions 
saturated with respect in the one case to racemic compound and d-form, 
in the other to racemic compound and /-form. If solubility-composition 
isotherms for temperatures lower than t 2 are plotted, the points / and g 
approach each other along the curves MO and NO, respectively, until 
they meet at O. The temperature at which this occurs is the transi¬ 
tion temperature for the racemic modification concerned. Above that 
temperature it will crystallize only as a racemic compound; below it, as 
a racemic mixture. An example is sodium ammonium tartrate with a 
transition temperature of 27.7°. 

For some racemic modifications the situation is reversed. In this 
event the curves appear as in Fig. 21, where the racemic mixture is now 
the form stable above the transition temperature, and the racemic com¬ 
pound is the form stable below. An example is rubidium tartrate with 
a transition temperature of 40.4°. 

The solvent, especially when the solute can crystallize with solvent 
of crystallization, plays an important role in determining which form tho 
racemic modification possesses in the solid state. Thus sodium ammo¬ 
nium tartrate as a racemic mixture crystallizes with four moles of water 
for each form, but as a racemic compound with only two; and rubidium 
tartrate crystallizes as a racemic compound with two moles of water of 
crystallization but as a racemic mixture with none. In general, the form 
possessing the smaller number of moles of water of crystallization is the 
form obtained above the transition temperature. 

Racemic modifications sometimes crystallize from one solvent as a 
mixture, from another as a compound. Here, too, solvent of crystalliza¬ 
tion probably plays an important role. 

Transition temperatures at which a racemic compound becomes a 
racemic solid solution have also been observed. Thus racemic cam- 
phoroxime, above 103°, crystallizes as a solid solution. When this cools 
to 103° or below, the solid solution becomes a compound; the reverse 
change takes place upon reheating to 103°. 

The foregoing discussion outlines the solubility relationships of the 
active forms and the racemic mixtures and compounds. In order to dis¬ 
tinguish between a racemic mixture and a racemic compound it is only 
necessary to add a crystal of the pure d- or /-form to a saturated solution 
of the racemic modification at the proper temperature. In the case of 
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the racemic mixture, the crystal does not dissolve, since the solid pitas.- 
of a racemic mixture contains crystals of the d- and Worms. Hence, the 
solution remains optically inactive. However, the addition of crystals 
of either isomer to a saturated solution of a racemic compound results in 
the presence of a new solid phase. The crystal dissolves and the super¬ 
natant liquid becomes optically active. 

If this solubility test is applied to a saturated solution of a racemic 
solid solution the same results are obtained as if a racemic mixture were 
used. This method, therefor.-, does not distinguish between racemic 

mixtures and racemic solid solutions. , , . 

In addition to the two methods just described Brum - developed a 
third procedure which involves a study of the eutectics of mixtures of 
the two active forms with a third inert substance. Thus method can be 
illustrated by Adrian!V study of eamphoroxime The melting- 
point curve of mixtures of the pure d-oxime wit , naphthalene was first 
studied in order to determine the composition of the eutectic J arious 
mixtures of d- and i-camphoroxime were then made up and added to 
naphthalene in the same proportion as in the eutectic mixture ofJhe 
pure d-form and naphthalene. The freezing-point curves o tho^ mix¬ 
tures were determined and a plot of the data obta.ned s shown in 
Fig 22 Figures 23, 24, and 25 show the data obta.ned when phenan- 
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threne, benzoin, and anthracene were used in place of naphthalene. 
The curves indicate that between 00 and 90 ° df-campl.orox.me exists 
as a racemic compound, but at 100° as ta racemic solution 

Existence of a Racemic Compound in the Liquid SUte \\ hile many 
experiments have been performed in attempts to establish ‘he existence 
of liquid racemic compounds, the only satisfactory ^cc * tha ob¬ 
tained from diagrams such as those of Figs. 17 and 18. Batncss 

of the freezing-point curve at its maximum is an approximate measure of 
the degree of dissociation of the racemic compound atitsfreezing point. 
By means of this fact, Ro.ss and Somervdle » showed that racemic cam- 
Brunt, MU. oread. /.inert. [51 8 I. 332 (1899): Carr. rh„n. Mai.. 30, 35 (1900). 

*° Adriani. Z. physik. Chcrn.. 36. 108 
« Ross and Somerville. J. Chem. Soc.. 2770 (1920). 
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phoric acid dissociated upon melting to the extent of about 12 per cent, 
and, similarly, racemic methyl hydrogen camphorate about 18 per cent. 
On the other hand, for temperatures above their freezing point, liquid 
racemic substances always behave as mixtures. 

3. Resolution of Racemic Modifications 

The fact that optical antipodes have the same physical properties, 
with the exception of the effect on polarized light, means that special 
methods must be used in order to separate them. It was Pasteur who 
accomplished the first separation of the optical forms from a racemic 
modification and developed many of the procedures for resolution. 

(a) Mechanical Separation of Crystals. When a racemic modi¬ 
fication is allowed to crystallize from a solution under conditions which 
permit the separation of a racemic mixture then the solid phase consists 
of two kinds of crystals, one of which is composed of the dextro and the 
other of the leva isomer. If these crystals possess hemihedral facets 
which permit them to be distinguished from each other, then they may 
be separated by means of a pair of tweezers and a hand lens. It was 
in this manner that Pasteur 22 in 1848 separated the d- and /-forms of 
sodium ammonium tartrate, the crystal forms of which are shown in 
Figs. 14 and 15 (p. 249). 

This method has found useful application in only a few instances. 
It cannot be used to resolve racemic compounds or solid solutions which 
do not possess convenient transition temperatures permitting crystal¬ 
lization as racemic mixtures. Also, many racemic crystals do not possess 
the requisite hemihedrism by which they may be distinguished. Even 
where definite hemihedral crystals are possible, considerable skill and 
patience arc required to grow suitable crystals. 

(b) Preferential Crystallization Due to Inoculation. A more prac¬ 
tical way of accomplishing a direct separation of the enantiomorphs in a 
racemic mixture is in some way to cause but one of the forms to crystal¬ 
lize from a supersaturated solution of the mixture, leaving the other be¬ 
hind. 

It has been found that an aqueous solution of racemic ammonium 
hydrogen malatc deposits an initial crop of crystals which are optically 
active and which arc found to consist of three parts of the /-salt to 
one part of the d-salt. Thus a partial resolution of the d/-malatc has 
taken place. Malic acid has been resolved by crystallization of inactive 
ammonium molybdomalate. The preferential separation of one form 
depends on inoculation of a supersaturated solution with an active form. 

22 Pasteur, Ann. chitn. phi/*.. (3)24. 442 (1S4S). 
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Lactic acid has been resolved by inoculation of a concentrated solution 
of the zinc ammonium salt with crystals of the active salt. In some 
instances, merely an isomorphous substance may be used as the inocu¬ 
lum. A crystal of /-asparagine when added to a solution of df-sodium 
ammonium tartrate causes pure sodium ammonium d-tartrate to crystal¬ 
lize out first. Some experiments have been reported in which the 
inoculating crystals need not be optically active or even possess an 

aSy QHiS n race t nUy Anderaon and Hill - have observed a spontaneous 
resolution of atropine sulfate (Fig. 20). Repeated crystallization o this 
dZ-salt from absolute alcohol yielded the d- and /-hyoscyaminc sulfate 

CHj-CH-CHj ClIjOH 


CH r 

CHr 


N—CH, CHOH + C«Hk—C COjH 

I 1 i 

-CH-CH, H 

Tropin® Tropic .nd 


-CH 


CHr 


—C1I. o CH:0H 

I I 

N—CHj CHO—C-C—C.H 6 

I I ' 

-CH-CH, H 


Atropine 

FlO. 26 

with Tain = ± 20° The atropine sulfate was prepared by racemi- 
ncid and r p , }j t!ribut0 the s|>ontnncous resolution to 

Ss Wherathyoscyaminc had been used in other experiments. 

The d/-form of dilactyldiamide, 54 

CH»—CH—CONHj 

O 

CHj—CH—CONHj 

i roenlvpd bv crystallization from water provided the 

monohydrochloride also has 

been resolved spontaneously.* 

« Andornon .ml Hill. J■ Chen,. **.. W* <»**>• 

“ Vitlea. Com pi. rend.. 198. 21W OOMh 
« Dusrhint-ky, Chemistry d: Industry. 10 <19J4). 
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It can readily be seen that this method avoids some of the objections 
to the use of the first method. Moreover, a spontaneous crystallization 
of one form can occur even if the racemic modification is a compound 
provided this compound is more soluble than its component enantio- 
morphs. 

(c) Conversion to Diastereoisomers. This method was also orig¬ 
inated by Pasteur and elaborated by other investigators. It has already 
been pointed out that diastereoisomers have different physical proper¬ 
ties; hence, if a racemic modification is combined with some readily 
available optically active reagent, two diastereoisomeric forms result 
which may be separated by fractional crystallization.* After separation, 
the original active group is split off from each of the diastereoisomers 
separately and the d- and /-forms of the original racemate are obtained. 
As an example, the separation of a racemic acid, represented by d/A 
may be considered. Combination with an active base (ZB) gives the 
two diastereoisomeric salts: 

dZA + 2/B —* dA • ZB + ZA-ZB 

These salts are not enantiomorphic and hence possess different solu¬ 
bilities and may be separated by fractional crystallization from a suit¬ 
able solvent. After separation, the dA-ZB is treated with mineral acids 
or alkalies and the ZB split off leaving the dA form. In a similar way the 
ZA - ZB salt yields the ZA form. 

Racemic bases may be resolved by an optically active acid in an 
analogous manner. 

This general method for obtaining both forms possesses some diffi¬ 
culties in actual practice. Some of the causes of failure to obtain resolu¬ 
tion of a racomic modification are: 

(a) The salts dA-ZB and ZA-ZB may separate as oils which cannot 
be made to crystallize. The only resort then is to try other optically 
active bases until good crystalline salts are obtained. 

(b) The two components may form a “diastereo compound,” f 
dlA l B. If the transition temperature at which this compound is 
dissociated into the diastereo mixture, dA-ZB + ZA-ZB, lies outside 
the temperature range at which crystallization can occur, and if it is 
loss soluble than either of its component diastereoisomers, then no 
separation can be effected and the resolution fails. 

* It has recently been reported that diastereoisomers may be separated by fractional 
distillation through a very efficient packed column. Sec Bailey and Hass, J. Am. Chem. 
Soc., 63. 1909 (1941). 

t Also known os “partially racemic compound." The term "partially racemic" is 
Bclf-ccntradictory. 
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(c) The two salts, if isomorphous, may form a continuous series of 
solid solutions, from which they cannot be separated. It sometm.es 
happens that a portion of one salt separates first, after which the remain¬ 
ing material crystallizes as a solid solution of more or less constant 

composition-two ^ may posscss such slight differences in solubility 
that the resolution becomes quite tedious. Under such circumstances a 
variation in procedure introduced by Pope and Peachey ^ frequently 
successful. It consists in neutralizing the inactive base d(B uith an 
equimolecular mixture of an active acid, dA, and a mineral a.sd such as 
hydrochloric acid. Four salts are formed, dA-lB, dA dB, /B hjdro- 
chloride, and dB hydrochloride. If the dAlBis the least soluble sa 
it crystallizes fimt. This disturbs the equilibrium amongth a Its 
remaining, so that more dA-lB is formed from the dA dB and B 
hydrochloride. This new dA-lB then separates and the process <on- 
tinues until most of the IB has crystallized as dA-lB, and the dB remains 
in solution as the hydrochloride. This modification “ds '.one.er f 
the two diastercoLsomers crystallize as compounds or solid solutions, 
rather than as mixtures. The hydrochloride of the base must, of course, 

be V (!rWhen the salt dA-IB is considerably the less soluble, it is obtained 
pure after but few crystallizations, and the dA regenerated from it is 

Sf* r.tSf 1" —B 

S in deitoshig the imp.,‘re salt and combining the resulting impure 
fA with other active bases until a pair of diastereo.someric sa^ w ob- 

ta theTpunTistate and die £ll obtained from it in the optically pure 

C0n 4 t ^”, m „. hn(1 for obtaining the pure isomer from the more soluble 
A third methoa for obtammK^k v ^, d _ ^ ^ ^ ^ ^ ^ 

theaa^B ^ 

phic and possess the same soiuimi y the 

but impure (A, obtained as described above, be recombined with the 

• This behavior i. analog U, <ho 
“ Popo and Poachcy. J. Chem. Soc.. 76. 1006 (1899). 

” Marckwold, tier.. 29. 43 (189G). 
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optical antipode of the original active base, the enantiomorphic salt, 
ZA-dB, is now less soluble than dA-dB and is the first to crystallize 
from the solution. In order to accomplish resolution by Marckwald’s 
method it is necessary to have supplies of both the d - and Z-forms of the 
resolving base in the optically pure state. Since relatively few such 
pairs are readily available this method has been little used. 

The solubility relationships among optically isomeric salts have been 
investigated by Ingersoll, 28 who has devised new methods for the com¬ 
plete resolution of racemic acids and bases. The first step in these 
procedures is similar to that already described. For example, a racemic 
base is treated with an active acid and the two salts obtained. 

dZB + 2d A —► ZB • dA + dBdA (1) 

When, for example, the salt ZB - dA is the less soluble this salt is recrystal¬ 
lized until pure. Treatment with alkali liberates the pure Z-basc. The 
mother liquors containing dB dA and some ZBdA are likewise treated 
with alkali and the partially resolved base (dB + dZB) obtained. New 
procedures were developed to secure the pure d-basc from this mixture. 

When this mixture is treated with an equivalent amount of the 
racemic form of the acid originally used (or any other suitable dZ-acid) 
the ions in the solution may combine in one of two ways as shown by 
equations 2 and 3: 

(dB + dZB) + 2dZA -♦ dZBdZA + dB dA + dB-ZA (2) 

(dB + d/B) + 2d/A -* dZBdZA + dBdZA (3) 

In the instances represented by equation 2 the salt dB-ZA, which is 
enantiomorphic with the ZBdA of equation 1, may sometimes be the 
least soluble, and, if so, it crystallizes out first. It is purified by rccrys- 
tallization, and upon treatment with alkali gives the pure dB and also 
the alkali salt of pure ZA. Thus both active forms of the base and the 
acid are obtained. 

When equation 3 represents the mode of combination, a complete 
resolution of the base (but not of the acid) is possible whenever the 
diasterco compound dB-dZA is less soluble than the racemic salt dZB -dZA. 
Crystallization then yields the dB-dZA salt pure from which alkali liber¬ 
ates the pure dB and the alkali salt of the racemic acid. 

It is clear, however, that each of these methods depends for its suc¬ 
cess on a favorable order of the solubility of the isomeric salts involved. 
When, in equation 1, ZB dA is less soluble than dB dA, then in the 
salts shown by equation 2 the enantiomorphic salt dB-ZA (possessing 

51 Ingersoll ami co-workers. J. Am. Chcm. Soc.. 47. UGS (1925); 50. 2264 (192S); 64. 
274. 4712 (1932); 55. 411 (1933); 66. 2123 (1934). 
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the same solubility as ZB-<ZA) is less soluble than rfB dA; but in addi¬ 
tion dB-ZA must be less soluble than the racemic salt d/B-dZA. For 
separation under the conditions represented by equation 3 the djasteroo 
compound dB-dZA must be less soluble than the racemic salt dZB dZA. 
Many cases corresponding to these solubility relationships have been 

studied by Ingcrsoll and his students. . .. , 

It is evident that the resolution of racemic acids and bases described 
in the above paragraphs is merely one special example of diastereo.somer 
formation. Racemic compounds which do not have functional groups 
capable of salt formation may be converted to d.astereo.somer.c dema- 
tives by reaction with any suitable optically active reagent. Such a re¬ 
agent should have the following properties: 

1. It should be readily obtainable from easily available starting 

"’^"it'should react with the racemic modification in but one way 
Thus a dibasic acid, which can form both normal and aod salts, is not so 

useful a resolving agent as a monobasic acid. ... . . , , 

3. It must form compounds with the racemic '’.od fic .ion s'able 
enough to resist dissociation or decomposition on rccrystaU.zahon o, 
easily split after separation, by methods not drastic enough to cause 

"T Its dLuireoisomenc derivative must be crystals blc and less 

soluble than any of its components. .. 

5. It should have a high rotatory power in order to enable the 
progress of a resolution to be followed by polar,metric methods. 

6 It should be readily recoverable for repeated use. 

The following summary lists the ...ore important compounds which 

have been used for resolution of racemic modifications. 

I For resolution of racemic acids the following bases have been used. 


Brucine 

Cinchonidinc 

Cinchonine 

Hydroxyhydrindaminc 

Mcnthylamine 

Morphine 


a-Phcnylcthylamine 

Phenyl oxynaphthyl mcthylaminc 

Quinidine 

Quinine 

Strychnine 

^-Ephedrinc 


The benzimidazole bases formed by the condensation of a lactone of 

from racemic acid.” 

» Haakins and Hudbon. ibid., 61. 1200 (1939). 
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2. The following compounds have been used for the resolution of 
racemic bases. 


a-Bromocamphor-7T-sulfonic acid 

Camphoric acid 

Caraphor-lO-sulfonic acid 

Helicin 

Malic acid 

Mandelic acid 


Menthoxyacetic acid 
Oxymethylene camphor 
Quinic acid 
Tartaric acid 

2,2'-Dinitro-6,6'-diphemc acid 
Diacetyltartaric acid 


3. Racemic alcohols are usually first converted to hydrogen phthalatc 
or hydrogen succinate esters by interaction with phthalic or succinic 
anhydrides. The acid esters are then resolved in the usual way with an 
optically active base. From the resolved esters the active alcohols are 
obtained by saponification. Esters of tartranilic acid have also been used 
for resolving alcohols. 30 

i-Menthyl isocyanate and /-mcnthoxyacetyl chloride are also useful 
resolving agents for alcohols and phenols. 

4. Racemic aldehydes and ketones may be resolved by combination 
with /-mcnthylhydrazine, d-isoamylhydrazine, /-menthylscmicarbazide, 
or d-a-phenylcthylscmicarbazidc. 

In the case of sugars, d-amyl mercaptan has been employed. 

5. a-Amino acids are usually resolved through their acyl derivatives. 
Menthoxyacetyl chloride forms an acyl derivative which consists of a 
mixture of diastercoisomeric forms. 

6. Hydrocarbons may be partially resolved by means of their addi¬ 
tion compounds with dcsoxycholic acid. 

(d) Kinetic Method of Resolution. Marckwald and McKenzie 31 
have shown that /-menthol reacts faster with d-mandclic acid than with 
/-mandelic acid. Hence, if d/-mandelic acid is esterified (equation 4) 
with a quantity of /-menthol insufficient to react with all the acid present 
the product consists to a large extent of /-menthyl d-mandelatc. If 
equivalent amounts are used the esterification must be interrupted 
before the process is complete. The two products of the esterification 
reaction arc diastcreoisomcrs and are produced in unequal amounts 
under the conditions used. One reason suggested for the inequality in 
amounts is the fact that esterification probably involves the formation 
of the intermediate addition compound shown in the brackets. The 
active /-menthol adds to the carbonyl group of the d- and /-mandelic 
acids at different rates because of the different steric influences of the 

a0 Burrow and Atkinson. J. Chcm. Sue., CSS (1039). 

31 Nlnrckwald nnd McKenzie. Bcr., 32. 2130 (1S99); Marckwald and Paul. Ber., 3& 
S10 (1905); 39. 3054 (1900). 
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groups present. The sensitivity of addition reactions to steric effects 
of groups has been well established. 


di 


CH. 


CH(CHi)i 

< 


CH. 

OH OH i>\ 

C.H .—(!)—i—0-—L/ ^ 

H OH CH(CH,), 

dl (l-arge amount) 

U (Small amount) 


H.O + C.H 



H ' CH(CHi). (4) 

dl (Largo amount) 

II (Small amount) 


Two diastereoisomeric esters composed, for example, of f-acid-/- 
, , , . . / Alcohol have also been found to undergo hydrol} m> 

alcoho 1 and d-a , f ^ hydrolyMS of a mixture of two such esters 

L fntrruptcd before it is complete, a predominance of one isomer is 

r“L“X7n,.y r - • j-3- 

iminocamphor by allowing a I* ^ Partin i resolution occurred 

constituting a racem ^ ^ an activc compound may 

3VS :;ZZll of the diastcreoisomers even though the reac 

C “r1IK*. »>■ 1J > 7 "^■ J - c **~ Soc " 1568 "° 39 ’- 
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tion is allowed to run to completion. That is, the equilibrium con¬ 
centrations of the diastereoisomers are different . 15 For example, 
McKenzie 36 prepared the /-menthyl esters of d-, l- t and dJ-a-chloro- 
phenylacetic acids. Treatment of each of these esters with a trace of 
alkali in absolute alcohol solution led to the production of the diastereo- 
isomeric esters in 57 per cent and 43 per cent yields respectively at 
equilibrium. The following diagram summarizes the changes involved. 

./ l 

C«H 6 CHCIC0 2 CioH>9 

.c/ / 

CtH*CHClCOaCioHi, 

./ I 

50% C*H*CHClCOjCioH i» 

.d l 

50% C f H iCHClCOaCioH 19 

It is evident that some interconversion of the d - and /-configurations 
about the asymmetric carbon atom marked with the asterisk must have 
taken place in order to account for the composition of the final equi¬ 
librium mixture. Recent studies on such transformations have been 
made by Jamison and Turner . 37 

The inequality in amounts of the two diastereoisomers may be so 
great that only one form can be isolated. The relative solubility of the 
diastereoisomers is a very important factor and assists in shifting the 
equilibrium. For example, Leuchs 38 in resolving the two compounds 
(Fig. 27 and Fig. 28) by brucine and strychnine obtained only the d-forms 


57% C 6 H 6 CHClCO 2 C l0 H,9 
.d / 

43% C e H {,CHCICO 2 C| 0 H 19 



H 



even though the solution of the salts was evaporated to dryness. Ashley 
and Shriner 39 obtained only the d-form of the compound shown in Fig. 29. 

44 King. Ann. Kept*. Chun. Sue. (London), 30. 261 (1933>. 

36 McKenzie nnd Smith. Bit.. 58. 899 (1925). 

37 Jamison and Turner. J. Chem. Soc.. 1954 (1937); 1640 (193S>; 264 (1940). 

« Leuchs. Bcr.. 54. S30 (1921). 

39 Ashley and Shriner. J . .4m. Chcm. Soe., 64. 4410 (1932). 
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The biphenyl (Fig. 30), of which merely the Worm ^obtained uone 
of several biphenyl derivatives isolated in only one form by Adams 
and his students. 

C 2 H* 

C»H6—SO-—i—COsH 

A 

Fio. 29 

It is important to note the differences between the two methods of 
resolution just described. In the kinetic method it is necessarjMe.hn.it 

d- and Worms is ne equivalent amounts of reactants 

.. ^ -»™ 

U “(S bS«i *„«*>«.. 1* !.«■ >»“! >>": « * <““• 

(I) uiocnemi , . d , 0 n s a medium in which 

B ° 1U It < has beenfound' tha \ th'is same pmfere,dial attack upon one of the 

isomlm ini racemic modification occurs 

salt of dir .malic and^^^^adywhen'^dium df-phcnyW-oxybutyrate 
d-malate in the urine, Mmiiui i>, . , f .. wJsoiner.* 3 

U given to a dog, the urine coi.tm.js more of ' ^ d|BerenUal 

o lvnws w* accomplish the same effect, 
destruction of one form since »y , nthoti ‘. dWnandclonitrile to 

For example, the enzyme emu s , acts J Apparently, since 

destroy the d-form morej rapu«> ^omenon is similar to that 

the enzyme itself is optically active, n u 

involved in method (e) and (d) or in both. 

<0 Cbicn und Adams. **»■.«•• 298 tlSOO,. 

41 Pan tour, Compt. rend., 46. C1j (lb»#. • 

41 Tomitu. Jiiochcm Z.. 123. 231 oU 167 . 2S0 (1917). 

« Thicrfoldcr and fcehempp. Arch. t e, ~ u 
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These biochemical methods, though of great physiological impor¬ 
tance, obviously possess certain limitations from the practical standpoint 
of obtaining both d~ and Worms. Dilute solutions must be employed; 
hence the amounts which can be obtained are limited. It is necessary 
to find microorganisms or enzymes which destroy the d-form in one case 
and the Worm in another in order to secure both antipodes, and then at 
most only half the material is obtainable in an active state. Unlike 
method (c) and its variations, this method therefore finds little use. 

4. Inter con version of Enantiomorphs. The 
Walden Inversion 

The conversion of a dexlro compound into its levo isomeride may be 
accomplished by means of a sequence of reactions which result in the 
exchange of two groups. An example of such an interconversion of 
optical isomers Is Fischer’s transformation 44 of the dexlro form of the 
half amide of isopropylmalonic acid into its levo isomer, which has 
already been discussed (p. 226). 

Another method of interconversion was discovered as the result of 
studies of the reactions of optically active compounds. The replacement 
of a group directly attached to an asymmetric carbon atom, such as a in 
Fig. 1, by a different group, x, may take place with no change in the 



d d d 

Fio. 1 Fio. 2 Fio. 3 


configuration of the groups about the asymmetric carbon atom. This 
leads to the formation of a compound represented by Fig. 2. However, 
it is known that in many reactions a change in configuration occurs and 
the product is the ennntiomorph, Fig. 3. This phenomenon is known as 
the Walden inversion, since it was discovered by Paul Walden 45 in 1893. 

As one illustration of these inversions, the following cycle of reac¬ 
tions 48 may be considered. 

44 Fischer and Brauns. Ber., 47. 3181 (1914). 

« Walden. Bcr.. 26. 210 (1S93); 29. 133 (189G). 

44 Walden. Bcr., 32. 1S55 (1899); "Salts. Acids, and Boses: Electrolytes: Stereochem¬ 
istry." McGraw-Hill Book Co.. New York (1929). 
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A 

I AgjO 
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CIIC1 
CH 2 C0 2 II 


KOH 

CHiCOsH 

/-Malic acid d-Cbloroauccinic and 

TT • ^ the above cycle of transformations shows that 

anhydndc, but that s « cce “ ,v . . of reaclions also enables 

* «~>..«»»««. 

through the racemic form. doosn ot reveal whether the result- 

Sil « *. * ■■ "»i— 

7 sirS.^5 “”p. i» •» •»* ,he , " ,ra,on 

occurs. Walden inversion and racemization lies in 

The contrast between he '' den m <f ^ b 

the fact that in racenuzat.on^onlySO^pe ^ ^ Resolution 

converted into ihe optical enantiomorph of the original, 

is necessary in order to obtai ‘ , hc optica ll y active enantiomorph, 

Since the Walden inversion produces the op « y fa 

however, - resolution is = > s |n(c ^ nvcrtinR optico , 

nearly quantitate, and h net (iou of ccrlain optically active 

isomers is sometimes useful o i i in that it occurs only 

forms. The process, Ictnc carton atom is replaced, 

^r^t^ization during the reactions may cause difficulty 

in isolating the pure conduc ted on the Walden inver- 

The investigetions whi^h have lieen^^ ^ which d( . tc rminc 
sion have shown that there 
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whether or not an inversion will occur. Some of these factors are dis¬ 


cussed below. 

(a) Nature of the Reagent. The particular reagent chosen to effect 
a reaction exerts a predominating influence on the configuration of the 
product. This is illustrated in the reactions given above. It is evident 
that potassium hydroxide and silver oxide react in a different manner 
with the d- or J-chlorosuccinic acid. 

(b) Nature of the Solvent . 47 The action of ammonia on J-a-bromo- 
phenylacetic acid produces either the dr or J-amino acid, according to 

NH* 


Br 

I 

(DC«H 6 CHC0 2 H + NH, 


HjO or 


CjIUOH 


CIlaCN or 


-> (d)C«H 6 CHC0 2 H 


liquid NH. 


NH* 

(/)C 6 H 6 CHCO*H 


whether the reaction is carried out in water, alcohol, acetonitrile, or 
liquid ammonia. 

(c) Nature of the Compound. Fischer 48 showed that the action of 
nitrosyl bromide on d-alaninc produced J-a-bromopropionic acid, whereas 
the ethyl ester of d-alanine with the same reagent gave the ethyl d-a- 
bromopropionate. The latter hydrolyzed to d-a-bromopropionic acid. 
Thus, an inversion takes place in the case of the free acid, but does not 
when the ester is used. The cycle of changes which relate the isomeric 
forms of alanine, a-bromopropionic acid, and their esters is summarized 
in the following scheme 

NH* NH* Br 

MCH.CHCO.C.H, (</)CHjCHCO s H (/)CH,CHCO,H 

| NOBr | Nil, J, NH, 

Br Br NH* 


(rf)CH»CIIC0sC.H» K01< - - > (d)CH*CHCO*H <-^L (f)CH,CHCO*H 


(d) Temperature. Holmberg 49 determined the optical rotations of 
the xanthogcnsuccinic acid produced when the following reaction was 

S S 

BrCHCO.K || II 

(I) I + KS—C—OC,H* -► C*mOC—SCHCO*H 

CII*CO*K 

CH*CO*K 


47 Sen ter and others. J. Chcm. Soc.. 107. G3S (1915); 109. 1091 (1916); 113, 140, 151 
(J018); 126. 3137 (1924); 127. 1847 (1925). 

48 Fischer, Her.. 40. 489, 502. 1052 (1907) ; Fischer and Schocllcr. Ann., 367. 11 (1907) 

49 Holmberg. Bcr., 47, 167 (1914). 
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carried out at different temperatures. The rotations obtained were. 


Temperature 

0 ° 

12 

25 

40 


Specific Rotation 
+30 6° 

+ 8 3 
-13.8 
-40.1 


It is evident that, in this reaction, temperature is an important 
factor in determining whether or not a Walden inversion takes place. 

(e) Absolute Configuration. The prefixes d- and l- m the preceding 
and following discussion indicate the direction of rotation only and do 
not supply any information about the absolute configuration of the 
compounds. It should be clearly understood that a mere change in 
direction of rotation is not proof that an inversion has taken place_ 
However, if an optically active compound is converted by means of 
selected reagents into the d- and f-fom.s of a new compound, or if a 
complete cycle of changes of a pair of optical isomers has been worked 
out, it is clear that an inversion must have taken place during one of the 

reaC In°oTder to establish the exact step in which an inversion has occurred 
it is desirable to have some absolute method of establishing tho confiKurn- 
tion of each molecule independent of the reaction or observed rotation. 
This problem has been attacked by Boys,” who has developed an equa- 

tion for calculating the magnitude of rotation as 7 " ^'^^d to 
simple molecule containing one asymmetric carbon atom attached to 

four different simple groups. 1 he equation is. 


M- 


|10 62 ("’ + 2 )(,.» + - rOf, - d) 

-X=A/-(« + b + c + d)“ 


where n = refractive index of medium in which rotation is measured 
I? R Rr and Rn = refractivilics of the groups A, B, C, and D 
Ra> Rot Ct as determined from Eiscnlohr’s tables. 

o, b,c,d — radii of the groups in Angstrom units. 

F = a function of a, b, c, and d. 

X = wavelength of light used. 

M = molecular weight. 

Thus the specific rotation at a chosen wavelength is calculated from 
data on thc Ji of the four groups, molecular weight, and refractmtie, 

» Boy.. Pro, Roy. *>c. 1*1 075 (1934 '‘ 
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The values calculated for simple compounds are of the same order of 
magnitude as those observed. For example: 



*D Ca LCD. 

ar D Observed 

CH3CHOHC2H5 

9.3° 

13.9 

CHaCHNHjCsH* 

7.4 

7.4 

CH 3 CHCcH 6 

1 

CH 2 OH 

4.0 

5.9 

CHaCHCaH* 

1 

3.6 

6.8 

CH2NH1 




The relative radii of the groups A, B, C, and D can be used with this 
equation to establish a relationship between the direction of rotation and 
spatial distribution. The value of [a] will be positive when the differ¬ 
ence factors, i.e., (a — 6), (a — c) • • • etc., in the above equation are posi¬ 
tive: this means that A > B > C > D. The rule stated by Boys is that 
a dexlro compound has a configuration such that, when the largest group 
is nearest the observer, the other groups are arranged in order of dimin¬ 
ishing size in a clockwise direction. 

Thus, in a molecule Ca dcd, if A is the largest group and B > C > D 
the dexlro model would be that shown in Fig. 4, and the levo model would 
be that shown in Fig. 5. 



dexlro 


Fio 4 



A 


levo 
Fio. 5 


This empirical calculation of Boys has certain limitations but does 
offer a start in establishing configurations by measurement of radii of 
groups and their refractivities. It has not been widely used, and further 
work is necessary to establish its validity. 

(f) Rotatory Dispersion. A second method for the correlation of 
structure and optical activity consists in studying the rotatory dispersion 
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of large numbers of closely related compounds. This has been done by 
Kuhn, 61 Pickard and Kenyon,“ and especially by Levene “ and h.s co¬ 
workers. Data have been obtained on a large number of compounds 
with the general formula: 

(CH 2 ) x CH 3 



-X, -COOH. 


where x, y , and z = 0, 1,2, 3, etc. 

R' = a functional group such as —OH, 

—NH 2 , —CN. 

R" * CH3, iso- C3H7, CsHs, CeHii. 

All the compounds studied possess only one asymmetric carbon atom 
and their rotatory dispersion curves have been -'^^redoverar e 
sufficiently large to permit an estimation of th ( C 
tributed by the groups attached to the asymmetne carbon atom. 

XoXi ss. -1 s- n.** - • " h * ?' 6 ° 

of the partial rotations of each of the four substituents. Thus by 
synthesizing a considerable number of the members; c- each of the 
homologous series represented by the above goncral ormu a and nal 

meSr^U figuration of optically active 
compoundSc method fw relating configuration with 

SZg e tTatfivc y- a considerable amount of fairly reliable 
information on certain of these points has been established. 

•• Kuhn and Boin. 2. a*.*- ™ Kuh "’ *“* “• “ 

Kuhn and Biller, ibid.. B29. 1 (1935). 105. 830 (1914) ; Kenyon and 

“ Pickard and Kenyon. /. Chem. Soc.. 99. 

Barnes, ibid., 126, 1395(1024). , 1924 - 1930 ); I-ovenc and Hot ben. J. Org. 

M Levene and co-workers. J. »«*• hrmislrv ** John Wiley and Sons. New York 

Chem.. 1. 70 (1937). See Gilman. "Organic ( bcmiatry. 

(1938), 1st Edition. Vol. II. P- l* 03 ff - 

M Marker. /. Am. Chem. Soc.. 68. 970 (1930). 




270 


ORGANIC CHEMISTRY 


Various mechanisms have been advanced to explain how an inver¬ 
sion of configuration can take place in some reactions but not in others. 

1. According to the earlier investigators 65 complex addition com¬ 
pounds were produced. The position taken by a substituting group 
depended on the direction of the residual valencies of the asymmetric 
carbon atom and the nature of the displaced group. 

2. Rordam 66 has assumed that, after one of the radicals has been 
removed from the asymmetric carbon atom, the position taken by the 
entering group depends on the phase of oscillation of the three radicals 
remaining. The form which has the same configuration as the original 
is the one whose proportion increases as the concentration of the reagent 
increases. 

3. The possibility that the replacement of a group involves a pre¬ 
liminary or incipient ionization process induced by the reagents or 
solvents has been considered by a number of workers. 57 The phenom¬ 
enon of the Walden inversion is very closely connected with the mech¬ 
anism of substitution reactions in general, and intensive investigations 
are now being carried out in order to establish the unimolecular, bimolec- 
ular, or polymolecular character of solvolytic reactions which involve 
replacement. 58 Excellent reviews of this subject have been contributed 
by Watson 59 and by Hammett. 60 

4. An acceptable mechanism for the Walden inversion not only 
must show how the configuration of the asymmetric carbon atom is 
inverted but also must provide a reasonable explanation as to why 
raccmizalion is not the exclusive process. One of the best solutions of this 
enigma is the suggestion of G. N. Lewis 61 that a substitution reaction 
takes place by simultaneous addition of one group and removal of the 
other. This idea has been elaborated by Olson, 62 who has made the 
suggestion, supported by experimental evidence, 63 that a one-step sub- 

“ Fischer, Ann.. 381. 123 (1911) : Werner. Dcr.. 44. 873 (1911): Pfeiffer. Ann.. 383. 123 
(1911); Frunklund. J. Chcm. Soc.. 103. 713 (1913) ; Meiscnheimer. Ann., 466. 120 (1927). 

" Hftrdom. J. Chcm. Soc.. 2417 (1928) ; 1282 (1929) ; 2017 (1930) ; Levcno and Walti, 
J. Biol. Chcm.. 73. 203 (1927); Lcvcnc and Rothen. ibid., 81. 359 (1929). 

” Lowry, Deux o'me Conscil de Chimic Solvny. 1925. p. 174: Kenyon and Phillips. 
Trans. Faraday Soc.. 26. 451 (1930); Ingold ct al.. J. Chcm. Soc., 230 (1935); ibid., 1190, 
1201. 120S. 1252 (1937). 

« Stiegman and Hammett, J. Am. Chcm. Soc.. 69. 2530 (1937) ; Fannacci and Hammett. 
ibid., 69. 2542 (1937); Olson and Halford, ibid.. 69. 2044 (1937); Taylor. J. Chcm. Soc., 
1853 (1937); Bartlett. J. Am. Chcm. Soc., 61. 1030 (1939); Winstcin, ibid.. 61. 1035 (1939). 

h Watson, Ann. Repta. Chcm. Soc. {London). 36. 208 (193S). 

«o Huininctt. "Physical Organic Chemistry." McGraw-Hill Book Co.. New \ ork (1940). 

•i Lewis, "Valence and the Structure of Atoms and Molecules," Chemical Catalog Co, 

Now York (1923). p. 113. 

“ Olson. J. Chcm. Phys.. 1. 4IS (1933). 

*» Olson and Long. /. Am. Chcm. Soc.. 66. 1294 (1934) ; Olson and Voge. ibid.. 66. 1090 
(1034). 
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stitution reaction leads to inversion of configuration. As an examp c to 
illustrate this simultaneous or synchronous mechanism of substitution, 
one of the possible modes* of the action of hydrobromic acid on d- 


octanol-2 may be considered. . 

The alcohol is shown in Fig. 6, in which the asymmetric carbon atom 
is represented by the tetrahedron. The alcohol probably forms lie 
oxonium salt with the proton, and the bromide .onthen •PP™^ 
the face of the tetrahedron opposite to the apex at which the hydro* l 
was attached, Fig. 7. This particular mode of approach is determin d 




CcIIij 


Fia.8 


by the character 

for approach in any other a 1K , V tetrahedron, the 

occupies the proper position or I asymmetric carbon 

molecule of water rs expelk-d and he kerne ^ ^ ^ 

atom shifts its position, csfbh. K umbrella in a strong 

Fig. 8. The molecule is turned n de o,u k shows that 

wind. A comparison of the model of 1 ig- 8 witn ma 

• There are aUo olher meehanUm, tor ,he reacllon U,-een MeohoU and ha,o 8 e„ acid* 

"° S£X .307 .103.11 Slater. PM- »■ «' ««». 
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the bromine does not occupy the same position as the hydroxyl group 
and that an inversion in configuration has occurred. 

It is not necessary that the reagent be ionic. For example, the same 
mechanism applies to the conversion of d-a-phenylethyl chloride (Fig. 9) 
by ammonia in a non-polar solvent via the oriented approach shown in 
Fig. 10, into the hydrochloride of J-a-phenylethylamine (Fig. 11). An 
inversion in configuration has thus taken place. 



Fio.ll 

If an optically active iodide such as f-2-iodooctane is treated with 
sodium iodide in acetone solution it is found that raccmization takes 



place. The iodide ion has reacted by approaching the face opposite the 
iodo group to produce d-2-iodooctane, and at equilibrium the racemic 
modification results. By using sodium iodide containing the radioactive 
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isotope of iodine the rate of exchange of halogen may be determined for 
the reaction. 


CH 3 


ch 3 




+ i* 


I* - radioactive iaotope 

Measurements of the intensities of radioactivity of the alkyl halide or 

that the rates of exeb ^ bromide « 

experimental error Similar results and established the 

and «-bromo P rop.on.c aeid ^ dLsplaces another group 

fact that inversion Polanyi« have also contributed cvi- 

which forms an anion. rc . u .,ions- they further point out that 

dence on these amomc replacem ^ nol U . ad t0 inversion 

attack of a molecule by a cat , horoughly characterized as yet. 

although such reactions have n reagents has been 

a na.» »• - * 

* ml /S T T 


H-C 



CH,-CH; 


fc-NH, 


HONO 


H-C 


C—Cl 


II— 



C—OH 


0-0-SO,C,IIt 


:h, 

CH,-CHj 

Fl °- 14 . an Topic/, and Web*. J. Che. Soc.. 1525 (1935). 

u Hughes, Juliuaburger, aIld Wc b*. ibid.. 1173 (193G). 

M Hughes, Juliunburger. Scot . 209 (193R). 

• T Cowdrey. Hughes. Novell, and • . i* 0 | Rn yi. • Atomic Reactions. 

" Mecr and Polanyi. pky*xk.iChem .. B i . 

Williams A Norgato. Ltd.. London <19J->. 1 • 
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The starred carbon atom in these molecules has the tetrahedral face 
opposite the functional group inside a cage of carbon atoms and hence is 
inaccessible to the approach of any reagent. Therefore, anionic replace¬ 
ment by the mechanism described above is impossible. It was actually 
found by Bartlett and Knox 69 that the tertiary alcohol apocamphanol-1 
(Fig. 13) was not oxidized by dichromate, not dehydrated or rearranged 
by concentrated sulfuric acid, and could not be converted to the chloride 
(Fig. 14) by the action of phosphorus pentachloride or thionyl chloride. 
The chlorine in 1 -chloroapocamphane (Fig. 14), prepared by the action 
of nitrosyl chloride on the amine (Fig. 12), could not be removed by 
boiling alcoholic sodium ethoxide or silver nitrate. The p-toluencsulfo- 
natc (Fig. 15) was unaffected by boiling with an acetone solution of 
lithium iodide. Thus, all attempts to replace the hydroxyl or chloro 
group by anionic reagents failed. It is inferred that the replacement 
reactions of the amino group by hydroxyl with nitrous acid, and by 
chlorine with nitrosyl chloride, must occur by mechanisms not- involving 
the rearward anionic mechanism. Bartlett and Cohen 70 have also 
demonstrated that the bromine in the molecule represented by Fig. 16 
is quite inert whereas that in 9-bromo-9-mcthylfluorcne (Fig. 17) is quite 
reactive. 

Br CH 3 

cfco 

Fio. 16 FlQ - 17 

The optically active esters of the sulfonic acids constitute a class of 
compounds especially suited for determining the effect of anion exchange 
on optical activity. Phillips, Kenyon, 71 and their co-workers, by treat¬ 
ment of an optically active ester of a sulfonic acid with ionic reagents 
such as potassium acetate, demonstrated that the sulfonate radical may 
be replaced by another anion. Ammonia and primary and secondary 

R R 

RS0*0:C:R' + [ClUCOO:]~K + — CH»COO:C:R' + [RS0,0:]-K + 

• • • • 

11 H 

• 9 Burtlett and Knox. J. Am. Chem. Sue., 61. 31S4 (1939) 

70 Bartlett and Cohen, ibid., 62. 11S3 (1940). 

71 Phillips, J. Chem. Sue.. 123. 44 (1923); Kenyon. Phillips, and Turley, ibid., 127. 399 
(1925); Phillips, ibid.. 127. 2552 (1925); Kenyon and Phillips, ibid., 1670 (1930); Trans. 
Faraday Sue.. 26. 451 (1930); Kenyon. Phillips, and Pittmnn, J. Chcm. Soc.. 1072 (1935) 
Kenyon, Phillips, and Shutt, ibid., 1663 (1935). 
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amines were also found to react with such esters to produce optically 
active amines. Tertiary amines react with optically active alkyl sul¬ 
fonates to produce optically active quaternary ammonium salts." Two 
examples are the following: ^ ^ 

(CH,)*N—C—H 
C*H.iJ 


<CH,)|N/* 

CH, 

■^t,\ r 

MB - +7.06® r 


[a)g - +14.72® 


CH, 

O uj 


MB - 


From the above, it will be noted that the dextro ester produces a 
dextro quaternary salt with trimethylamme, but a Uvo pyndimum salt. 

Also, the leva ester yields lc^trimethyl-2-octylammomum-^bromoben- 

zenesulfonatc, but a dextro pyridinium salt, A Wald * n l " VC ^° n p ^ 
ably occurs during at least one of these react.ons. The tert.arj amine 
approaches the ester in an oriented position, such that the unshared 
pair of electrons at one apex is opposite that face of the asymmetric 
carbon atom which, in turn, is opposite the sulfonate group (rig. 18). 


CHj 



►:H 



Fio. 18 

The kernel of the carbon *tom shj|ls^ts pisWonjnd^^iew^tetrohc- 

ammonium ion and sirm,—^£ 
4 • n ini If the amine approaches the face incncaieu, 

—-*“■ «■ “»— 

» Cary, ViUha. and Shrinnr. J. Off- Chtm.. 1. 280 (1936). 
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approaches any of the other three faces, the sulfonate ion could be dis¬ 
placed without inversion. Since there is no independent means of 
establishing the configuration of these quaternary salts it is not possible 
to say whether a Walden inversion occurs in both cases. 

By using anionic exchange reactions which lead to inversion, in con¬ 
junction with reactions which do not cause inversion since the reagents 
do not react with a group directly attached to the asymmetric carbon 
atom, Kenyon and Phillips 73 have been able to establish configurational 
relationships of derivatives of octanol-2, a-benzylethyl alcohol, 74 
a-phcnylethyl alcohol, 76 ethyl lactate, 7 ® and ethyl £-hydroxy-0-phenyl- 
propionate. 77 The following scheme summarizes one of the general pro¬ 
cedures used in this work. 


R R 

R'—A—OH CISOlC,H ’> n'—C—O—SO,C,H, 

A A 

d d 

| AojO CHjCO* - | K • 

R R 


R'—C—O—COCHs R'- 


H 


H 

d 

cn,co* -1 k 
R 


OCOCH, 

/ 

| AcjO 

R 


R,_<.__„ CJSO^ R'—C—H 


O—SO1C7H7 
L 


OH 

l 


u*ci- 



Indies on the mechanism of formation of esters from alcohols 78 have 
established beyond doubt that these reactions do not involve the carbon- 
oxygen link in the alcohol and hence such reactions cannot cause inver- 

78 Phillips, J. Chem. Soc., 123. 44 (1923); Houssa. Konyon, and Phillips, ibid., 1700 
(1929). 

74 Phillips, ibid.. 123, 44 (1923). 

76 Kenyon, Phillips, and Taylor, ibid., 173 (1933). 

76 Konyon, Phillips, and Turley, ibid., 127, 399 (1925). 

77 Kenyon, Phillips, and Shutt, ibid., 1603 (1935). 

78 Waters, "Physical Aspects oi Organic Chemistry," D. Van Nostrand Co.. Now York 
(1937). 
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sion. Hence the d-acetate and the d-p-toluenesulfonate have the same 
configuration as the d-alcohol from which they are derived. Likewise 
the 2-alcohol, 2-acetatc, and 2 -p-toluenesulfonate are configurational^ 
related. The action of potassium acetate on the p-toluenesulfonates, 
however, involves an anionic exchange and therefore leads to inyers.on. 
Thus the acetate obtained by this method has the opposite con¬ 
figuration and opposite rotation from that obtained by direct estcnfi- 

Cat 'lf'the chloride and acetate ions react with the ester in a similar 
fashion then an inversion also takes place when the d-p-toluenesulfonate 
reacts with lithium chloride and therefore the 2 - chlo, nd e has ^ c0 "[^ ra - 
tion opposite to that of the d-alcohol but the same as that of the !-afcohol 
Similar conclusions were drawn from observations on the replacement 
the sulfinate group. 




R ; —c—H + C 7 H 7 S0,C1 R'-C-H + C 7 HtS0 2 C1 


OH 

l 


Cl 

/ 


The sulfinic ester has the same configuration as the alcohol from 
i hesuinmc asymmetric carbon atom is 

which it is dcnvcdfatleast ^star , ric sulfur alo m is 

concerned; io n produces the 2-alcohol, and chlo¬ 

rine thethloride, and both of these are anionic replacements and hence 
involve inversion. Kenyon and Phillips, therefore, not only 

serve to" tTblish relative configurations but also furnish further evidence 

for inversion in react^ ^^"^^.‘beek established, it is 
Once a senes of f establish the behavior of other re- 
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'he d-alcohol into the 2-chloride. Since the above transformations 
indicate that the 2-chloride has the opposite configuration to the 
d-alcohol, it follows that these reagents cause inversion. 

A list of relative configurations was drawn up by Frankland 79 in 1913 
on the basis of a purely statistical survey of the reactions recorded in the 
literature on the behavior of various reagents. Recent work has con¬ 
firmed and added to the list. 

Cowdrey, Hughes, Ingold, Masterman, and Scott 80 have summarized 
the configurational relationships between certain groups of compounds. 
These relationships were established by studying the optical effect of 
substitution on an asymmetric carbon atom and paralleling these obser¬ 
vations by kinetic studies and correlating the results with the data 
obtained on the mechanism of substitution reactions in general. A 
summary of the configurationally related compounds follows: 

2-Octyl Derivatives: d-chloride, (/-bromide, {/-alcohol, (/-ethyl ether, (/-acetate. 
a-Phenylcthyl Derivatives: (/-chloride, (/-bromide, (/-alcohol, (/-methyl ether, d-aminc. 
a-Sub$titated Propionic Acids; d-chloro, d-bromo, d-iodo, d-methoxy, i-hydroxy 
(/-lactic acid). 

ct-Substilutcd 0-Phcnylpropionic Acids: d-chloro, d-bromo, d-hydroxy. 
a-Substitutcd Phcnylacclic Acids: d-chloro, d-bromo, d-methoxy, d-hydroxy 
(d-mandclic acid). 

a-Substituted a-Phenyl propionic Acids: d-chloro, d-hydroxy. 
ft-Subshlutcd n-Dutyric Aei/ls: d-chloro, d-hydroxy. 

0-Substitutcd 0-Phenyl ( propionic Acids: d-chloro, d-bromo, d-hydroxy. 

Substituted Succinic Acids: d-chloro, d-bromo, d-iodo, d-malic, d-maloloctonic. 
2-liutyl Derivatives: d-hydroxy, d-chloridc, d-bromidc, d-iodide. 

2-Pcntyl Derivatives: d-hydroxy, d-iodide, d-chloride. 
a-l’hcnyl-n-Propyl Dcriioli cs: d-hydroxy, d-cldoride, d-bromidc. 
a,a'-Disubslituted Succinic Esters: d-methvl tartrate, d-cthyl tartrate, d-methyl 
and d-cthyl chloromulntc, d-cthyl bromomalatc. 

2-Hexyl Derivatives: d-hydroxy, d-chloride. 

S-Sonyl Derivatives: d-hydroxy, d-cldoridc, d-bromide, d-iodide. 

The reagents may also be classified along with the reactants into 
groups according to whether or not inversion is produced (see p. 279). 

In addition to the results involving anionic attack discussed in the 
foregoing pages, a second type obtaining its driving force from an attack 
by a cation may also lead to an inversion in configuration. This may 
be illustrated by the alkylation of benzene with c/-butanol-2 in the 
presence of boron fluoride, 81 which yielded about 0.5 per cent 2-2-phenyl- 
butane and 99.5 per cent of the (//-modification. 

” Frankland. J. Chcm. Soc.. 103, 713 (1913). 

*° Cowdrey, Hughes, Ingold, Mastcrnmn, and Scott, ibid., 1252 (1937). 

• l Price and Lund. J . Am. Chcm. Soc., 62. 3105 (19-10); Burwcl! and Archer, J. Am. 
Chem. Soc., 64. 1032 (1942). 
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I. Inversion of Configuration Occurs: 


Rengent 


Reactant 


PC1 3 

PCU + C*H*N 

POCh 

POCls 

PCIs or PBr 6 
PC1 6 + CsHjN 

socu 

socu + C 6 H 6 N 
HC1 

HBr 

HI 


Octanol-2, a-phenylethyl alcohol, ethyl 0-hydroxy-/3-phenyl- 

a-Phen'ylethyl alcohol, ethyl ^hydroxy-tf-phenylpropionate 
Octanol-2. »-phenylcthyl alcohol 
o-Phcnvlethyl alcohol, methyl mandelatc 

Octanol-2 a-phcnylethyl alcohol, lactic acid, ethyl lactate. 

malic acid, methyl malatc, mandelic acid, methyl mandelatc 
Octanol-2, o-phcnylcthyl alcohol, ethyl lactate 
Octanol-2. lactic acid, ethyl lactate, malic acd. ethyl malate 
Octanol-2. o-phenylethyl alcohol, ethyl lactate, ethyl mandelate 
Pcntanol-2. octanol-2. o-phcnylethyl alcohol. «-phenyl-n-prop> I 

Butanol-2, octanol-2. o-phenylcthyl alcohol, o-phenyl-n-propyl 

alcohol 

Octanol-2 


II. Substitution with 


Retention of Configuration: 


Reagent 


Reactant 


SOCh 


r-Phcnylethyl alcohol, mandelic acid, methyl mandelatc 


, . .__ .hut nn inversion of configuration takes place 

It has also been shown hat an in ^ which havc nn octa- 

in certain comply« aqueous solution of the 
hcclral configuration. ^ a so i u ,i 0 „ of potassium carbonate 

d-cis complex ion of I iL- However if the d- 

produces the d-carbonato and a 

dichloro complex is grotmd h Wsomcri Fig. 22. is produced. This 

w-*** 

“ id Th e configuration, -£ 

■-** 20> “ u ” 

.... CR 771 ,10.14); Bailor. Joudis. ami Huffman, t but.. 68. 222 4 
“ Bailur and Autcn, i •id., o . R (1Q3G) - Werner and McCutcheon, Her., 

(1936); Bailar. Hoslam. and Jones. 

46. 3284 (1912). {f Aid (5 , 4> c87 (1937). 

•» Mathieu. Bull. *o<. ch,m.. |5) 3. 1<*. U 
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In concluding this summary of investigations on the Walden inversion 
it must be emphasized that experimental conditions play a very impor¬ 
tant and determining role. Future investigations will serve to clarify 
many unsettled points on the mechanism of substitution reactions. 
Kinetic studies on the mechanism of substitution reactions are being 
made in an effort to provide a means of establishing the absolute con¬ 
figurations of optically active molecules. The results of these studies, 
together with the chemical information already at hand, will not only 
provide mechanisms for the Walden inversion with ionic and non-ionic 
reagents but will also markedly advance our knowledge of reaction 
mechanisms in general. 


PART V. POLARIMETRY 


Light. Until about 1900 the electromagnetic wave theory of light 
extensively developed by Maxwell was competent to give a satisfactory 
picture of the behavior of light and radiation phenomena in general. 
This theory was extremely useful in correlating and predicting exactly 
almost all the known facts concerning the interference, polarization, 
refraction, and reflection phenomena exhibited by light. However, 
starting about 1900, and extending up to the present time, a number of 
experimental observations on radiant energy have made it apparent that 
the classical wave theory would have to lx* modified. 

For example, Planck and Einstein have shown that when light reacts 
with matter it does so as if it were composed of discrete particles known 
as corpuscles or photons. These photons possess an amount of energy 
equal to hv (h = a universal constant - 6.55 X 10 - erg sec. and v « 
frequency), travel with the .speed of light (c = 3 X 10“ cm. per see.) 
and possess a momentum equal to h,/c g.cm. per see. Tins concept of 
the nature of light is necessary to explain photocffects, black-body radi¬ 
ation, emission of line spectra, the Compton effect of x-rays, and the 


Raman effect. , . . . 

It is of interest to point out that experiments have been performed in 
recent years which show that material particles behave, under certain 
conditions, as though they were a wave t rain. Davisson and Conner, and 
G. P. Thomson, have shown that a stream of electrons exhibits the 
phenomena of interference, diffraction, and refraction just as do ordinary 
light waves. By a study of diffraction patterns the ‘wavelength of 
the electrons has been found to be X = h/p (A = Planck's constant and p 
is the momentum). This equation had been deduced previously by 
de Broglie, and a number of experiments have now shown that atoms as 
well as electrons apparently possess the properties associated with waves. 
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This interesting duality between waves and corpuscles has caused a 
revision of the classical mechanics and led to the development of the 
new wave mechanics—or quantum mechanics. 

Thus, both light and material particles seem to possess a dual nature. 
As far as light is concerned, although it may be composed of discrete 
units of energy and although the exact path of any one of these photons 
cannot be predicted with certainty, nevertheless the paths followed on 
the average by a large number of them, as in a beam of light, may be 
predicted by the laws governing waves. It is, therefore, still a wave 
theory which predicts and describes exactly the refraction and polariza¬ 
tion effects exhibited by light rays, and this viewpoint will be used in the 
following discussion. 

Ordinary white light may be regarded as a mixture of waves of differ¬ 
ent lengths, the resultant vibrations being at right angles to the direction 
of propagation and the trains of waves making up a beam of light having 
different planes of vibration. By proper choice of the light source or the 
use of suitable filters, light waves of a single wavelength may be ob¬ 
tained. Such light is called monochromatic. 

Plane-Polarized Light. The waves in a beam of monochromatic 
light vibrate at random. A cross section of such a beam traveling 
perpendicular to the paper is shown in Fig. 1, which indicates that many 



planes of vibration are present. For example, AOE, EOF, COG, DOH 
represent projections of various waves on the paper. By reflection 
or refraction it is possible to sift out the component vibrating in a 
single plane. Thus, if the above beam of light is passed through a 
polarizer which transmits vibrations only along the X'OX-nxis, the 
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entire wave represented by AOE cannot pass through, but only the hori¬ 
zontal component represented by OK and OK -1 «“^ S.mtlarb 
for the wave BOF, the horizontal component OL and OL will pass 
through the polarizer. The light emerging from such a polarizer will, 
therefore, vibrate along X'OX and is said to be plane V^r.tcd 

The common method for obtaining plane-polarized l.ght conilists in 
passing the beam of light through a polarizer called a Nicol prism. This 
prism is made of calcitc, a crystalline form of calcium carbonate, nhie 
possesses the power of causing double refraction. That is “ n ° r ^ ,nar > 
rav of light entering this calcitc crystal is broken into two rajs, one of 
which obeys the usual laws of refraction and is called 1 ' c ra ' J 

Th other ay, which is not refracted normally, is called the etiraor- 
1*4 ray. The light in each of these rays is found to be plane po ar 
ized, and the planes of polarization of the two rays arc perpendicular 

eaC Thc h Nicol prism is a device for rejecting one of these rays and trans¬ 
mitting the other” It is constructed by cutting a crystal of calc.e 
diagonally and symmetrically through its obtuse corners polish m 1 «Jo 

r; faccs ' , and TT n The ;r 0 ;r £££ <■>- 

balsam or linseed oik Tlw faces of h^ ^ a p ,, sm is showu in 

XT Ttemy of light entering the prism at U) is broken up into .he 

c 

/ 



ordinary ray (ABj le^TIh!^ 

tween the two W*w. hw • rt fra ^ M ^ prism is cut aro 

->• is reflcc,c ? at ,hc iu,,e,ion 
SCt^of .he Ni/o. prism while the extraordinary ray pass,, 

on through and is plane-polarized litfht. tninsnarriit 

of very small birefringont cr>M.il.. : • . i.: rc _ 

oriented optically so that the film behave, like a 

fringent crystal.' The compounds used arc: double salts of .la alkaloids 
• Sec Freundlich, CH<n>«ry * ,n^.,r U . U9S , 1937,. for . review of U„. »h.eC. 
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such as quinine or cinchonine with sulfuric acid, hydriodic acid, and 
iodine; potassium nitrate; potassium dichromate; urea; or complex 
cobalt salts. 1 The practical development of these films was made by 
E. H. Land, 2 and the films are known as “Polaroid films." The films 
may be protected by lamination between two thin sheets of glass. The 
films absorb a considerable percentage (30 to 50 per cent) of light, but 
the transmitted light is said to be 98-99 per cent plane polarized in the 
range 5000 to 7000 A. The Polaroid films have the advantage of furnish¬ 
ing much larger apertures than Nicol prisms. Polarimeters have recently 
been made using these Polaroid films. 

The Polarimeter. The rotatory power which compounds exert on 
plane-polarized light is determined by means of an instrument called the 
polarimeter. A diagrammatic sketch of the essential working parts of 
the Lippich half-shadow polarimeter is shown in Fig. 3. 



Since the rotatory power exerted by a substance varies with the 
wavelength, a monochromatic source of light (S) is essential. The most 
satisfactory sources arc: 

1. The yellow sodium light produced by heating sodium salts to a 
high temperature or an electrically operated sodium-vapor lamp. These 
sources are often used alone, but a light filter (F) is necessary to get 
monochromatic light corresponding to the sodium D line (X = 5893 A). 

2. The green mercury light produced by a mercury arc with suitable 
filters at F (X = 5*161 A). 

3. Light of other wavelengths may also be obtained from suitable 
helium, lithium, or cadmium lamps. 

The monochromatic light is converted into a parallel beam by the 
lens (L) and enters the polarizing Nicol prism (Pi). The emergent 
plane-polarized light next meets a small Nicol prism (//) wliich covers 
half the field and is placed at a slight angle (1 to 4°) to the first Nicol 

a E. H. Land. Brit. pats.. 412.179 (1934); 423.874 (1935); 433.455 (1935); U. S. pat*., 
1,951.664 (1934)1.955.923 (1934); 1.9S9.371 (1935); 2.041.138 (1935); 2.123.901 (1938): 
2.123.902 (1938) ; 2.165.973 (1939); 2.165.974 (1939). 



OPTICAL ISOMERISM 


285 


(p.) This small Nicol prism creates a difference in intensity of light in 
the two halves of the beam and is often called the half-shadow Nicol 
prism. The difference in intensity is due to the fact that the light which 
emerges from this prism represents only that component of the original 
ray vibrating in the direction of transmission of the half-shadow Nicol. 
The beam next passes through the substance, whose optical properlies 
are being studied, placed in the tube TT. The extent of rotation of he 
plane of the polarized light by the compound is detenu ned by the 
analyzing Nicol prism P 2 which is mounted in a framework with scale 
B B graduated in degrees and which may be rotated about the axis until 
the two halves of the field are of equal intensity. The lenses m the eu- 
piece E, are used to secure a sharp focus on the line dividing the two 
fields Verniers on the scales are used to obtain accura e readings. 
Rotations are determined by noting the difference in the readings 
obtained when the tube TT is empty and when filled with the compound. 

The results arc expressed as follows: 


For pure compounds, 


Mi¬ 


re/ 


*» “f “ k zzsszti 


For compounds in solution, 

WI- 


100 a 


or 


100 a 


W T 

x !•« 


where g is the grams of solute per 100 g. solution of density rf. and c is 
thC ^"multiplying the specific rotation 

by the molecular weight. 

r—'-'HSS-S’SSS: 

w*. “* <« - — 

'~‘£zzz —»»>• * —— -» 
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resolving it into its components. Figure 4 shows two waves of plane- 
polarized light traveling in the same direction whose planes of vibration 


Fio. 4 

are at right angles to each other. The waves also have a one-quarter- 
wavelength (90°) phase difference and equal amplitudes. . 

The resultant of these waves, obtained by adding vectorially the 
displacements at all points along OY, Is circularly polarized light repre¬ 
sented by the spiral in the photograph, Fig. 5. In the illustration the 


Fio. 5 
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circularly polarized light is lew since, to an observer stationed at Y with 
the light coming to his eye, the spiral proceeds m a eountorclockw.se 
direction. By making the phase difference 90° m the opposite_d.rect.on 
dextro circularly polarized light is produced. If the phase d J" enc< j ' s 
not 90° or if the amplitudes arc unequal elUptically polar,zed light results 
Circularly polarized light is produced by pass,ng plane-polarized 
light through a glass prism known as Fresnels rhomb. This glass prism 
(n D = 1.504) has its faces cut and polished so that the acute angle (. ) 

is 54° 

A cross section of such a prism is shown in Fig. 6. 



A beam of light normal to the face trill be totally reflected at B and 
aca in at C At each reflection with the angle of incidence equal to 54 
, • j f rofrnrtion of 1 504, a phase difference of one-eighth of ft 

the vibrations in and at right angles to the 
period is in trod if the incident light is plane polarized at an 

may be used or polished plates oi cpi. nn . oe ono \. n( i M>r 

(e/tf 4) ^rih ch" t 'raverset h< p'l a t'e w it h* d*i ff'■ren t velocities and emerge 
with a phase difference 

thickness of the ^ emergent light should be 

SSK «- <>'• «">-» - - «■* “” d 

determine, light. In ettempting to seem. 

tSSf wncerning the e.eet, nhieh h> 
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molecules exert upon light it has been found desirable to study the 
effects of circularly polarized light and elliptically polarized light. 
A correlation of the studies on rotatory dispersion (p. 268) and the 
absorption spectra has shown that abnormal rotatory dispersions are 
observed in the immediate vicinity of the specific absorption bands. 
Moreover, it was found that the beam of light emerging from an optically 
active substance was not plane polarized but elliptically polarized, pro¬ 
vided that the wavelength of the light used was within certain of the 
absorption bands. Next, the absorption of dextro- or levo-circularly 
polarized light was studied, and it was found that the absorption by an 
optically active molecule is dependent on the wavelength of the circularly 
polarized light. If the circularly polarized light possessed a wavelength 
in the neighborhood of the characteristic absorption bands of groups con¬ 
cerned with the optical activity of the molecule, then the beams of dextro- 
and /eeo-circularly polarized light were absorbed to a different extent. 
At all other wavelengths the coefficients of absorption were equal. This 
phenomenon is known as circular dichroism or the “Cotton effect,” since 
Cotton in 1896 demonstrated that alkaline solutions of copper d-t art rate 
and /-tartrate absorbed dextro- and /ero-circularly polarized light to dif¬ 
ferent extents. 

The differences which d- and /-asymmetric molecules exhibit toward 
d- and /-circularly polarized light has been used as a basis for an explana- 
tion of the mechanism by which optically active substances rotate the 
plane of polarized light. According to Fresnel, the beam of plane-polar¬ 
ized light is split into two circularly polarized beams of light with oppo¬ 
site rotations. If the compound is optically inactive these two spirals 
travel with the same velocity and upon emerging recombine with a re¬ 
sultant which is plane-polarized light. 

Thus, in Fig. 7, the dotted circle represents the projection of the two 
circularly polarized components on the XZ-planes, the beams of light 
traveling perpendicular to the paper. At the end of a certain time, the 
l ight circularly polarized light reaches the point Pp, and the Icvo beam of 
light reaches the point Pl- If the two beams travel at the same rate, 
then the arc RPp = PP L and the resultant beam is the plane-polarized 
component along OX. It is evident that all the resultants will lie on the 
axis XOX' as long as the velocities of the d- and /-circularly polarized 
beams arc equal. 

If, however, the plane-polarized light passes through an optically active 
compound then the velocities of the d- and /-circularly polarized light are 
different. Suppose that the (/-circularly polarized light travels faster 
than the /-beam; then, as shown in Fig. 8, after a certain time the d- ray 
will have reached the point P D , and the /-beam will travel only as far as 
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The relationships which have been developed between the various 
factors have been summarized by Landolt in 1906 and more recently by 
Lowry (1935), whose excellent monograph should be consulted. Refer¬ 
ences to the work of the investigators mentioned above will be found in 
the books cited below. 


GENERAL REFERENCES 
Wood, “Physical Optics,” Macmillan, New York (1934). 

Landolt, “The Optical Rotating Power,” translated by Long, Chem. Pub. Co., 
Easton, Pennsylvania (1902). 

Lowry, “Optical Rotatory Power,” Longmans, Green and Co., London (1935). 
Ritchie, “Asymmetric Synthesis and Asymmetric Induction,” Oxford University 
Press, London (1933). 

Factors Influencing Optical Rotation 

Examination of formulas (1) and (2), developed by Biot for calculat¬ 
ing the specific rotation of optically active compounds, shows that certain 


(1) Pure Compounds 


(2) Solutions 




100 a 
Igd 


100 a 

I’C 


conditions must be established experimentally. Hence, it is evident that 
the magnitude and direction of the specific rotation are dependent upon 
and vary with temperature, wavelength of the light, concentration, and 
nature of the solvent, since these factors appear in the above equations. 
Extensive investigatic :.s have been carried out in order to analyze the 
results obtained by variations in these factors. Landolt 3 in 1902, and 
Lowry 4 in 1935, summarized the data which had been accumulated, 
and these books cont lin complete information on this subject. In the 
following discussion, a few specific examples have been chosen from a 
large .mass of data in order to illustrate the effect of variations in the 
factois mentioned above. 

Temperature. The specific rotation of a compound may either 
increase or decrease with a rise in temperature. For example, Kreckc 6 
found that the specific rotation of d-tartaric acid increased with a rise in 
temperature (Table I). 

* Landolt, “Tho Optical Rotating Power,'* tranalated by Long, Chem. Pub. Co. 
Easton, Pennsylvania (1902). 

4 Lowry, "Optical Rotatory Power," Longmans, Green and Co., London (1935). 

‘ Krecke, Arch, nlcrland., 7, 97 (1S72). 
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Temperature 


0 ‘ 
100 


Tartaric Acid 

Concentration of Aqueous Solutions 
10% 20% 40% 

9.95° 8 66° 5.45 

23.79 21.48 17.50 


On the other hand, Gemez • observed a slight decrease in the rota¬ 
tion of turbine (impure 1-pinene) as the temperature was mcreased 

< T “ bleII >- TABLE II 


Temperature 

11 ° 

98 

154 

168 (vapor) 


3/ d (Turpentine) 
-36 53° 
-36 04 
-35 81 
-35 49 


SZS ,r „< ....d b. ..v. rt .d 

by a rise in temperature (Table III). 


TABLE III 


Temperature 

20 ° 

75 

90 


(aI d* (Aspartic Acid) 
+4 36° 

0.00 

-1.80 


A similar inversion in the specific rotation of maUe acid • occurs at 

temperature change. Each c P graphically or by an equation 

in rotation with temperature exp R 1 rticular substance. The 

"«srr” oI di “ 

Wav.length .f “ f £ „ tho „v«lcngth .1 

•Gemer. Compt. rend.. 68. 1108 
7 Pictet. Arch. Centre. 13] 7. 82 (1882). 

• Cook. Ber., 30. 294 (1897). 

•Thomsen. Ber., 16, 441 (1882). 
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the wavelength. This change of rotation with change of wavelength of 
the light was called rotatory dispersion. If this dispersion follows the 
simple equation: 



A o 

“ X* - V 


where [a] T = specific rotation, A 0 = constant for compound, X and 
X 0 = characteristic wavelengths, then [a] increases regularly with 
decreasing values of X over the portion of the spectrum considered, the 
dispersion curve is an hyperbola, and the rotatory dispersion is said to be 
normal. If the dispersion does not follow this simple equation, but 
requires a complex expression of the t}'pe 



Ao . Ax A 


then the dispersion is abnormal or complex. 

The study of the absorption of light by organic compounds has led to 
the discovery of the fact that compounds possess characteristic absorp¬ 
tion bands. Such absorption spectra (p. 1774) have been correlated with 
the structure of the molecule, and it has been fairly well established 
that each of the bands is intimately dependent upon the presence of 
definite groups in the molecule. In an optically active compound, certain 
of these bands seem to be directly connected with the groups concerned 
with optical rotatory power of the molecule. Hence, the specific rota¬ 
tion of a compound changes markedly if the measurements are made with 
light of a wavelength which corresponds to one of these absorption 
bands. As a specific example, the results obtained by W. Kuhn and 
Gore 10 on a solution of d-camphor in hexane are shown in Fig. 9. 

The molecular rotation curve, A, undergoes abrupt changes as the 
region repre; n*od by the absorption curve, D , is approached and passed. 
At wavclcnp of light remote from the absorption curve, very little 
change occui in the optical rotation as the wavelength is changed. 

If the ab rption bands occur in the visible range, as with colored 
compounds, < fliculty is often experienced in determining the optical 
rotation. It then necessary to determine the specific rotation at 
different, wave s.*ngths. With colorless compounds, satisfactory results 
are obtained by using a monochromatic source of light—usually the 
sodium D line. The wavelength of the light used must always be speci¬ 
fied. The importance of this factor has been emphasized by Karrer dur¬ 
ing a study of the configurational relationships between the naturally 
occurring a-amino acids, a-halogcn acids, and a-hydroxy acids. Table 

10 Kuhn and Gore. Z. phytik. Chem.. 12B, 392 (1931). 
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IV contains some of the rotatory dispersion data obtained byKwrand 

Kaase 11 which demonstrate the wide variation in rotation by change in 
ivaase, ^ . . . ..... Anmrp in rotation of a 



1. Nature of solute. 

2. Nature of solvent. 

3. Concentration. 

4. Dissociation. 

5. Association. 

. || , , . „ interdependent and must be considered together 

to Si‘ 

P° un<1 - *i,o millions of the lithium, sodium, 

In 1873, Land ° i g^Hs of </-tartaric acid and found that the 

potassium, and anunonmm chcd (hc same value as the solu- 

molecular rotations of * h ^ A fcw years later, 1876, Oude- 

tion was made more and >»o‘ ^ ^ J quinine n-ilh different 
mans u found that dilute >1 . lladrich u j n 1893, also 

acids gave constant molccu* ^ ^ ^ relationship between 

studied the effect of dllu "°". . ' wjth , hc electrolytic dissociation 

the optical rotatory power of lonogr ns w in 

» Karrer and Kaaaa. IUI.. CUm. *■ 430 <I9 ‘ 9 '- 
»* Landolt. Jtrr., 6. 1077 (18'3>- 
**Oudciiiana, Ann.. 182. 52 (1870). 

14 Hftdricb, Z. ffa-.. «• 4 4 <- (1S93). 
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theory of Arrhenius which had been proposed in the meantime (1887). 
Thus, a dilute solution of a salt of an optically active acid owes its 
rotation entirely to the optically active anion, whereas, in more concen- 

R*COOM (R’COO) - + M + (M = metal) 

trated solutions, both the undissociated salt and the amon affect the 
plane of polarized light. Similarly, the dissociation of a salt of an opti¬ 
cal^ active base (B*) ^ _ (B , H) + + c ,_ 


produces the optically active cation, and when dissociation is complete, 
only the cation is optically active and the anion is without appreciable 

'^The molecular rotation of a salt of an optically active base with an 
onticallv active acid also reaches a constant value in dilute solu ions, and 
b”. eon, ot the of the »•»» P'«. »»»■ 

For example, the dissociation of such a salt takes place as follows. 

^ (fB*H) + + tfA*)" 


isras 

found to be equal to -100 • ^ ^ mQrphine cation 

in1 r dtte n a^fou^luti- of ro¬ 
an average molecidar rotation f + _ 100 <> which checks the 

tion of the salt should be — -r 

■CSiU b i. evident thn. .he .pef o rotation o,, 
i V w u “finable of ionization when dissolved in an ionizing 
so ute, which is P dissociation, which in turn 

™ri d rs.r u » .nd* “»»«“> *■» 

^Th^f^ctor of association of molecules of the solute also influences the 
the factor ot a OI1 this point are rather meager. 

specific rotation a^o^the d ^ ^ opticaUy active liquid 

Different specific rotat.ons are incd Qn thc pure liquid , on a 

-r:«' “Tr “S'i 

dre [.« i.r pure ” 

in bcnrcnc, ». c.ieuio.ed 

value is 178. 

Frcundlcr, Ann. Mm. e^-. PI 4. 260 (1R051. 
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Structure. The attempts which have been made to correlate the 
degree of optical activity with the structure of the molecule have not 
led to the discovery of any definite relationships. A study of the 
J-menthyl esters of monosubstituted acetic acids has shown that there 
is no regularity in the change of molecular rotation with change in 
polarity of the substituents. 1 ® Some of the data are given in Table V. 

TABLE V 

Z-Menthyl Esters of Substituted Acetic Acids 
XCHsCOsC | 0 H »(!) 


X - 

Dipole Moment 
X 10' 8 

k of acid 

J-Menthyl Ester 

[Aflff 

N(CH 3 )2 

+1.4 

1 . 

3 X 10“ 10 (?) 

-156.9 

H 


1. 

8 X 10" 6 

-157.3 

CII 3 

+0.4 

1 

4 X 10"* 

-100.2 

C0 2 II 

-0.9 

100 

x 10 -* 

-160.2 

OQ>H 6 


23 

x io- & 

-160.6 

och 3 

-1.2 

33 

X 10"* 

-165 

OH 

-1.7 

15 

X 10"* 

-165 (at 94° C 

Br 

-1.5 

138 

X 10"* 

-169 

Cl 

-1.5 

155 

X 10"* 

-171 

CN 

-3.8 

370 

x 10- 5 

-174 


When the polar group is in closer proximity to the asymmetric 
center than in the compounds just described, the variation of molecular 
rotation is greater. A series of products formed by the condensation of 
aromatic aldehydes with d-phenyl oxynaphthyl mcthylamine showed in 
general a decrease of molecular rotation with increase of the ionization 
constants of the acids corresponding to the aldehydes. 

The molecular rotations of several homologous scries of compounds 
have been determined. Pickard and Kenyon 17 prepared the series of 
alcohols shown in Table VI and the series of esters shown in Table VII. 

TABLE VI 

lil/ft 0 of Cn 3 CIIOIIR(n) and CjHftCHOHR (n) 



1-1/ Jo* 


[M)V 

Methylcthylcarbinol. 

.. 10.30 



Methyl-n-propylcnrbinol. . 

.. 12.10 

Ethyl-n-propylcarbinol.. . 

.. 2.01 

Methyl-n-hut ylcarbinol. . . 

.. 11.80 

Ethvl-n-butvlcarbinol.... 

.. 9.43 

Mcthyl-n-amylcarbinol... 

.. 12.00 

Ethyl-n-amylcarbinol .... 

.. 10 69 

Mcthyl-n-hexylcnrbinol. .. 

.. 12.70 

Ethyl-w-hcxylcarbinol.... 

.. 10.63 

Methyl-n-heptylcarbinol. . 

.. 12.90 

Ethyl-n-hcptylcarbinol... 

.. 10.58 

Mcthyl-n-octylcarbiuol. . . 

.. 13.70 

Ethyl-n-octylcarbinol.... 

.. 10.74 

Methyl-n-nonylcarbinol .. 

.. 14.00 

Ethyl-n-nonylcnrbinol.... 

.. 11.09 

Methyl-n-dccylcarbinol. .. 

.. 14.50 

Ethyl-n-decylcarbinol.... 

.. 12.44 

Methyl-n-undecylcarbinol. 

.. 14.40 

Ethyl-n-undecylcarbinol. . 

.. 12.56 


19 Rule, Trans. Faraday Sue.. 26. 325 (1930). 

17 Pickard and Kenyon. J. C/«m. Sue.. 99. 49 (1911); 103. 1923 (1911); 105. 830 (1914) 
































298 


ORGANIC CHEMISTRY 

The data on the alcohols (Table VI) indicate merely that the molec¬ 
ular rotation of the molecule gradually increases with the length of the 
alkyl group and that the increment becomes smaller. On the other 
hand, the molecular rotations of the optically active aliphatic esters 
(Table VII) appear to approach limiting values with increase in the 
length either of the acyl group or of the alkyl group. 

It is obvious from such results as have been given that no deductions 
concerning the molecular rotation of a molecule can be drawn from a 
knowledge of its structure. 

Concentration. The optical rotation of a compound in solution 
varies with the concentration, since the degree of dissociation or associa¬ 
tion is dependent on the concentration. Undoubtedly solvation also 
plays an important role, and this factor is related to concentration. 

Solvent. The solvent itself also profoundly influences the rotation 
observed. Pribram 18 determined the rotations of 5 per cent solutions 
of d-tartaric acid in a variety of solvents, some of the results being shown 
in Table VIII. 

TABLE VIII 

Optical Rotation of <*-Tartaric Acid in Different Solvents 


Solvent Md* 

Water +H.4f 

Ethanol +3.79 

Ethanol + benzene (1 : 1) —4.11 

Ethanol + toluene (1 : 1) —6.19 

Ethanol + chlorobenzene (1 : 1) —8.09 


It is clear from the data in Table VIII, and also from numerous other 
studies, that the solvent influences not only the magnitude but also the 
direction of rotation. Hence, it is necessary to specify the solvent when 
speaking of a certain optical isomer as being the d -isomer or l- isomer. 

It should be mentioned that no change in configuration is involved m 
the phenomena under discussion; i.e., it is exactly the same optical form 
which rotates polarized light to the right in one solvent, and to the left in 
another solvent; to the right at one concentration and to the left at 
another; to the right at one temperature and to the left at a different 

temperature. ...... 

During the past ten years a systematic study of the relationship be¬ 
tween the solvent and optical rotatory power of a compound has been 
undertaken by H. G. Rule and his co-workers 19 in order to gain more 


18 Pribram, Der ., 22. 0 (1889). 

19 Rule and co-workcrs, J. Chcm. Sor.., 674, 
1217 (1933) ; McLean, ibid., 351 (1934). 


2652 (1931) ; 1400. 1409, 2332 (1932); 370 
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precise information concerning the change in optical rotatory power 
caused by solvents. These investigations were earned out on com¬ 
pounds and solvents so chosen that the factors of ionization and asser¬ 
tion of sohite molecules were excluded. 

The optical rotation of methyl /-menthyl naphthalate in a large num¬ 
ber of solvents was determined. It was found that the dipole moment of 
the solvent furnished a physical property which enabled correlations to 
be made, provided that the polar solvents were classified according to the 
parent hydrocarbon from which they were derived. The non-polar 
solvents constituted a separate class. Four series o solvents were ob¬ 
tained in which the optical rotation varied sympathetieally n.th tlie 
dipole moment. Some of the data are shown ,n Table IX the upper 
half of which represents the polar solvents wh.eh may be regarded as 
derived from methane. 

TABLE IX 


Variation in Optical Rotation of 



with tiie Dipole 


ioHi# 


Moments of the Solvents 


Polar 

Solvents 


Non-polar 

Solvents 


Solvent 
CHjNOj 
CHaCN 
CHjCHO 
CHsI 

CH3OH (associated) 
.••••* 
CSj 
CCU 
c*ll , 2 
C»Hh 
C7H16 


Dipole Moment 

m X 10 11 
3.8 

3.2 
2.7 

1.3 
1.6 


—219* 

-239 

-316 

-336 

-383 


0 

0 

0 

0 

0 


-437 
— 6C3 
-651 
-653 
-653 


—- “ t ‘sr:r “"C; 

were also studied.The Ki with those of another. 

regularity whensoven of * observation of regularities 

ttZSttZL, are derived from the same parent 
k y< The solvents which have no dipole moment give the largest molecular 
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rotations. There is, however, a large variation in the solvents with no 
dipole moment. Such compounds fall into two classes. 

(а) Compounds with No Permanent Dipoles . The paraffin hydro¬ 
carbons are examples of such molecules. Consideration of the data in 
Table IX shows that a maximum and constant molecular rotation of 
the ester is observed in pentane, hexane, and heptane. It seems reason¬ 
able to believe that in these solvents there is a minimum of association 
between solute and solvent. 

(б) Compounds with Neutralized Dipoles. Carbon disulfide and 
carbon tetrachloride arc molecules in which the electric moments are 
opposed to each other, and hence are non-polar with reference to a uni¬ 
form external field. However, such a molecule may exert a definite 
force on a point charge or dipole in its immediate neighborhood. If the 
solute possesses a dipole, then association with the solvent may occur. 

- t - + - - i - 

S=C=S + R—C=0 -♦ S=C=S 

| U -I 

OR* R—C=0 

OR* 

Such association would tend to decrease the rotatory power, since it 
would decrease the polarity of the solute. The magnitude of the rota¬ 
tion of a solute has been experimentally demonstrated to depend upon 
the polarity of the groups in the solute located near the asymmetric 
carbon atom. It is an association of.this type which is advanced to ex¬ 
plain the fact that methyl /-mcnthyl naphthalate possesses a molecular 
rotation of only —437° in carbon disulfide as a solvent, but a rotation of 
— 653° in the paraffin hydrocarbons. 

The extent of this association between solute and solvent will depend 
not only on the magnitude of the dipole moments of both, but also on 
the steric effects which influence the closeness of association of solvent 
and so’ ie, and are dependent upon the individual structure of each. An 
illustra ion of the way in which steric effects may dominate the results to 
be expected from the dipole moments is demonstrated by using the 
isomeric butyl chlorides as solvents. The data for the rotation of methyl 
J-menthyl naphthalate are given in Table X. 

ter*-Butyl chloride has the largest dipole moment, and should produce 
the lowest rotation of the ester. However, it actually leads to the highest 
rotation because of the steric or screening effect of the three methyl 
groups on the carbon-chlorine dipole. The n-butyl chloride shows the 
minimum, and the isobutyl chloride an intermediate rotation of the 



OPTICAL ISOMERISM 


301 


ester, since the former has the minimum and the latter an intermediate 
steric effect. 


TABLE X 


Solvent 

CH»CHjCHiCHjC1 

CH, 

CH,AhCH*C1 

CH, 

I 


Dipole 

Moment 

[•W)”«| 

m X 10“ 


1.90 

-450° 

1.90 

-464 

2.14 

-511 


CH,—C—Cl 

^H, 

Finally Rule aid his students have obtained results which indicate 
that the dipoles in substituted benzene derivativesmayact -depend¬ 
ent ly in associating with the opt.caUy act.ve sohite. Tabe XI shons 
some of the data obtained on methyl f-menthyl naphthalate »hen d.s- 
solved in various aromatic compounds as solvents. 


TABLE XI 


Solvents 


C ft H« 


Dipole 
Moment 
* X io ,s 

[3/lSSei 

0 

-543* 

1.52 

-501 

•2.25 

-470 

0 

-463 

3.9 

-627 

3.7 

-510 

0 

-508 


A — [A/]Brm*o©"" [MJflolveot 


42' 

73 

80 

16 

33 

35 


C e H*Cl + Celle 

o-CeH 4 Ch + Celle 
p-CelLCh + Celle 

CeHeNOj + CeHe 
m-CeH 4 (N0 2 )2 + CelU 
p-CeH 4 (N0 2 >2 + CeHe 

^ , . .. Hata in Table XI shows that when the 

.. C , a ; C U Th~ are utd Is olvents the drop in rotation (A) 
disubstituted benzenes are usee monosubstituted 

of the ester is nearly double that oDsrrvcu 

benzene is used as the solvent in place of benzene. ... 

• ^ TP* n rta“nf^wer/and 

-**• thc are fact - 

m determining the degreeuf ^hown that rotations of optically active 

cor^o^ndsTn'hydrogen-containing solvents differ from those observed 
compounds m ny t solvents. The magnitude of the change 

: sssasssrijri-t - A 

of these studies has been contributed by Buchanan. 

» Buchanan, Chcmialry & Industry, 748 (1938). 
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Deutero Compounds. The replacement of hydrogen by deuterium in 
an optically active compound causes a slight change in the optical 
rotatory power. For example, Erlenmeyer and Bitterlin 21 prepared the 
two compounds shown in Figs. 10 and 11 and found that the deutero 
compound had a slightly lower specific rotation in aqueous solution. 


COsNa CO*Na 



CO2NH4 CO a NH 4 


a D =31.5* 
Fio. 10 


or D =32.8* 
Fio. 11 


Molecules in which the sole cause of asymmetry is the replacement 
of hydrogen by deuterium have been studied in order to determine 
whether optical activity is possible. The structures shown in Fig. 12 are 



R' 


—>D 



>R 


II 


Fio. 12 


certainly asymmetric according to definition, but the differences in 
optical rotatory power of the d- and /-forms may be exceedingly small. 
Up to the present time all compounds of this type have been found to be 
inactive or to have given such small observed rotations as to be indecisive. 

Mention may be mode of several ingenious attacks on this problem. 
Studies on a-pcntadeuterophenylbenzylaminc (Fig. 13) have shown 
that it could not be resolved , 23 contrary to earlier reports. 24 McGrew 

C e D* 

I 

Cells—C—NHa 

I 

H 

Fio. 13 


31 ICrlcnmoyer and Bitterlin, I/clt. Chim. Acta, 23. 207 (1940). 
33 Adams and Tarbell. J. Am. them. Soc.. 60. 12G0 (1938). 

33 Clonio. Rapcr, and Roixson, J. Chcm. Soc., 431 (1939). 

31 Clemo and McQuillcn, ibid., SOS (1936). 
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and Adams 24 resolved l-pentyn-3-ol (Fig. 14) and reduced it catalytically 
with deuterium to the tetradeutero compound of Fig. 15 which was found 
to be optically inactive. 


H 

CjHs—C—C=CH 

OH 
Fio. 14 



H 

i 

C*H*—C—CD 2 CHD 2 

I 

OH 
Fio. 15 


Coppock, Kenyon, and Partridge 24 prepared the p-phenylphenyl- 
urethan of J-phenylvinylcarbinol (Fig. 16) and reduced it with deuterium 
hoping to obtain diastereoisomers of Fig. 17, but no separation could be 


p-CeH k C*H 4 NHCO*—CHC*H* 

CH 

II 

CH, 

Fio. 16 


p-C«H k CeH4NHCO,CHCeH6 

CHD 

I 

CH,D 

Fio. 17 


effected. In another experiment the J-phenylv.nylcarb.nol was reduced 
with deuterium and the 3 , 5 -dinitrobenzoate fract.onally crystall.zcd. 
Hydrolysis to the alcohol and oxidation produced an mact.ve ketone. 

Reduction of isopropylidene-d-glyceraldehyde (F.g. 18) produced 
the optically active compound of Fig. 19 which upon hydrolys.s produced 
an optically inactive deutcroglycerol 27 (Fig. 20). 


CHO 


CH—Ov 


Fio. 18 



Fio. 19 


D 

CIIOH 

I 

CHOH 

I 

CH,OII 
Fio. 20 


The two substituted allyl alcohols shown in Figs. 21 and 22 were 
dehydrated with d-camphor- 10 -sulfonic acid m an effort to obtain the 
optically active allene of Fig. 23, but the products showed no optical 
activity. 23 


McGrew .nd Adam.. J. Am. Chcm Soc 89 ' 1497 
u CoDDock Kenyon, and Partridge. J . Chcm. Soc., 1009 (1938). 

» Erlcnmeycr, Fiacher. and Baer. Uclv. Chim. AcXa, 20. 1012 (1937). 
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C e H 
C,oIl/ 


^CeHs CeHss^ 

C=CH—C -HiQ ) ( 

LbCiDf C,oHt/ 


OH 


1 

/ 

'''C.D. 


Fio. 21 


C«H^ /C.H* 



Fio. 23 


C«D* 


/ 


C=CH—C 


oh c “ h ’ 


Fio. 22 


Configurational Notation 

Notations have been introduced to indicate configurational relation¬ 
ships which are independent of the numerical value or sign of the specific 
rotation and denote the relative position which the groups about the 
asymmetric carbon atom possess. 

According to one notation suggested by the Committee on Carbo¬ 
hydrate Nomenclature of the American Chemical Society, dcxlro- 
glycerosc is chosen as the standard reference substance and denoted as 
D-glyccrose and all compounds having the same configuration shall 
belong to the D-configurational series. Those having the opposite con¬ 
figuration shall belong to the L-seriesi Capital letters are used to denote 
configurations. When the Fischer projectional straight-chain formula of 
a compound belonging to the D-series is written vertically with carbon 
number one at the top, then the —Oil (or other substituent such as OR, 
OAc, NH 2 ) of the terminal asymmetric carbon atom shall be placed to 
the right of the chain. If the formula is written horizontally it shall lie 
below the chain when carbon number one is to the right. A second 
notation uses the lower-case letters <1- and /- to denote configuration, 
and plus (+) and minus ( —) signs to show the rotation.* The following 
formulas illustrate these notations: 


i 


Clio 

CHsOH 

2 1 

1 

H—C—OH 

CO 

3 I 

1 

HO—C— II 

IIO—C—II 

«l 

1 

II— C— OH 

11—C—OH 

6 i 

I 

11—O—OH 

H—C—OH 

c i 

CHoOH 

i 

CII.OH 


D-Glucose. D-Fructose, 

«f(+) glucoe© d(—) fructose 

* Curo must bo exercised in using thia 


CHO 


HO—C—II 


II—C—OH 

CHO 

11—C—OH 

H—C—OH 

CHsOH 

CHsOH 

D-Arnbino?e. 

D-GIyrerose. 

d(—) arabinoso 

«*( + ) glycerono 

notation, since many 

articles in tho chemical 


literature use d- and /- indiscriminately for rotation or configuration. The Fischer con¬ 
vention is summarized by Hudson. J. Chem. Ed.. 18. 353 (19-11). 




OPTICAL ISOMKRISM 

30o 

co 2 h 

co 5 h 

co 2 h 

| 

1 

H—C—OH 

i 

H—C—NH* 

1 

ch 3 

H—C—OH 
| 

1 

CHj 

Cells 

D-Lactic acid. 
d(—) lactic acid 

D-Alanine. 
if( —) alanine 

D-Mandclic acid. 
d( —) mandclic acid 


The mirror images of those compounds belong to the L-scries, re¬ 
gardless of their rotations. The investigations of Clough,” Karrcr,” 
Levene," Freudenberg, 51 and others have shown that all the c-ammo 
acids obtained from proteins belong to the 1^ series, although the specific 
rotations of some of these are actually deztro. 


Mutarotation 

It has been observed experimentally that the rotatory power of a 
freshly prepared solution of certain optically active substances is not 
constant, but gradually changes, finally reaching a constant value (not 
zero) by reason of the establishment of an equilibrium. This change in 
rotatory power is termed mutarotation .* Correlation of this phenomenon 
with the structure of the compounds which exhibit such behavior has 
shown that in each case a configurational or structural change has oc- 

Configurational Changes. Tanret" found that two forms of D-glucosc 
could be obtained. Freshly prepared solutions of one form, a-glucose, 
possessed a rotation of +110°. and the second form, 0 -glucose, a rota¬ 
tion of +17.5°. On standing, the rotations of both solutions changed 
and finally reached a constant value of +52.5°. The essential changes 
involved, without consideration of the mechanism, arc due primarily to 
an equilibrium between the forms shown m Figs 24 and 2o. 

The proof of these structures is given in the chapter on carbohydrates 
(p 1555), but the point to be noted here is that the mutarotation is 
caused by a change in the configuration of the groups attached to 
carbon atom number one (marked *). In general, it has been found that 
all reducing sugars and many of their derivatives exhibit mutarotation. 

The alkaloidal salts of certain substituted biphenyls exhibit inutarotn- 
tion, which is due to the conversion of one form of the salt into an cqui- 


John Wiley & Sona. Now York (1938), 


*• Clough. J. them. Soc.. U3. 52G (1918). 

** Karrcr, Jltlv. Chitn. Ada. 6. 957 (1923). 

M Lcvene, ace Gilinan. "Organic Chcnnatry.' 

Fir " “iidTnUr* Brr.. 66. .93 . .923,; 67. ,547 ,1924,; 68. 1753 (.925, 

60. 2447 (1927) ; 61. 1083 (1928). 

* The terma multirolation and birotntion have also been uacd. 

«Tanrct. Compt. rend.. 120. 10G0 (1895). 
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CH 2 OH 



I I 

H OH 
Fio. 24 

a-D-Glucopyr®no«e 

+ no* 


ch 2 oh 



c-c 


H OH 
Fio. 25 

0-D-Glucopyraooae 

Mo* + 17 6# 




Equilibrium mixture, (a) {$• + 52.5° 
<34% a. 00% PI 


librium mixture of this salt with its diastereoisoraer. This is illustrated 
by Figs. 26 and 27. 



Fio. 26 

d-lorm 


Fio. 27 

/•form 



The change in rotation results from the turning of one phenyl group 
through 180° about the pivot bond. It occurs in biphenyls whose ortho 
groups arc small (see Part VIII). This represents a configurational 
change in the biphenyl part of the molecule; the alkaloidal part is 
unaffected. 

A spontaneous change in configuration at one center of asymmetry 
(with no changes at any other centers of asymmetry) leads to mutarota- 
tion and formation of an equilibrium mixture of two diastereoisomers, 
which are usually (but not necessarily) present in unequal amounts. 

Structural Changes. Aqueous solutions of the lactones of certain 
of the sugar acids also mutarotate. Figures 28, 29, and 30 show the 
equilibrium between the lactones of gluconic acid. 53 

The mutarotation is due to a structural change which results from 
the opening of the 7 - (Fig. 30) or 6- (Fig. 28) lactone rings by hydrolysis to 
gluconic acid (Fig. 29). The groups attached to the asymmetric carbon 

** Nef, Ann., 403, 204 (1014); Haworth and others, J. Chem. Soc., 89, 1S99 (1920); 
90. 1237. 2436 (1927). 
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atoms, numbered 2, 3, 4, and 5, in each of the three molecules are differ¬ 
ent, and hence the optical rotatory power changes as one of the thiee 
molecules is converted into the equilibrium mixture. No configurational 
shift occurs about the asymmetric carbon atoms. 

CIljUll 




CH,OH 


H i\ 0H H 


‘4 


y 

H Ah 

Fio. 28 


CH,OH 
C—OH 

C ‘=° "Jv OHH 

A Ah 

Fio. 29 


H—A—OH 0 


OH 


A =0 ^ 



O 


A-A 


1,5-CluconoUctone 
1 -1??. +03 5* 


Gluconic »cid 

wff.-w 


A Ah 

Fio. 30 

1.4-Gluconuluclonc 

l-lg. +«••* 


F.<|uilibiiuin miiturc. I**l*>. +*>.‘2 # 

Another example in which a reaction causes mutarotation is found 

metric carbon atoms (•), but no configurational changes 
possibility of such a transformat.on must be kep in mind 
camphor- 10 -sulfonic acid is used as a resolving agent. 


CHiSOjO "(C.H.NHi)'* 



CH. 


ClI-SOjOH 

k -o 


:N-O.H. 


C’llj—l*—Cllj 
til. 


Fio. 31 

Aniline rf-csiupliur- 
lU-nulfonulv 
l-l”. +37V 


CH- 

Fio. 32 


4-11.0 


'll- 


e-* 


Mulure 

Mg. + ,07# 


JiN-l'I.enylkeliininol- 
lU-cain|*li»nwulloiiic uchI 

l—ll»* -170.5* 


Mularotalion, due ter structural change, is associated with molecules 
in which the groups about the asymmetric center are readily modified b> 
he solvent or by some reaction which takes place easily m solution 
The rate of mutarotation, whether due to or *™tura 

changes, is dependent upon temperature solvent catalysts. All 

examples of mutarotation that are known take place in solution. 

» Sabreiber .ad Sbriu.,. 7. A- «•-. *«, «• >300. »«• 1S90 ,19361. 
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Asymmetric Synthesis 

The laboratory synthesis of asymmetric molecules, using ordinary 
chemical reactions and conditions, invariably produces the racemic modi¬ 
fications. On the other hand, most of the asymmetric molecules occur¬ 
ring in plants and animals are found as either the dexlro or levo isomer. 
The problem of synthesizing optically active molecules, without recourse 
to resolution methods, has consequently intrigued organic chemists. 

Emil Fischer, 35 in 1894, discussed this problem, and Marckwald, 36 
in 1904, outlined in more precise terms the synthesis of optically active 
compounds. Marckwald defined “asymmetric syntheses” as those proc¬ 
esses which produce optically active compounds from symmetrically 
constituted molecules by the intermediate use of optically active re¬ 
agents, but without the use of any of the methods of resolution. This is 
the ordinary interpretation of the term “asymmetric synthesis” as 
employed today. 

Many examples of asymmetric syntheses are known. An optically 
active mandelic acid was obtained by McKenzie 37 by the following series 
of reactions: CH* 

I 

CH 

/ \ 

O CH, CH, 

II I I 

C»H»COCO,H-> C,H»CCO s CH CH, 

\ / 

CH 

I 

CH(CH,), 

/-Meuthyl bvnzoylformato 

2H 

H H 

C«H*—C— CO*C,oH» C«H*'—C—COsCivHm 

I 

OH 

I f-Menthyl /-niandclatc (excess) 

/-Meutbyl J-inandelate 


3 ' McKenzie, J. Chcm. Soc., 86. 1249 (1904); McKenzie and Humphries, ibid., 96. 
1105 (1909). 


OCOCIIs 

| n*o 
H 

C e IU—C—C0 2 H 

I 

Oil 

/-Mandelic acid (excess) 
d-Mandelic acid 

35 Fischer. Ber., 27. 3231 (1894). 

16 Marckwald. B*r., 37. 349 (1904). 
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The reduction of the Lmenthyl ester of bcnzoylformic acid produces 
the two diastereoisomeric esters of mandelic acid in unequal amounts, 
and acetylation and hydrolysis result in a mandelic acid which contains 
an excess of the leva form. Thus, benzoylformic acid, which has no asym¬ 
metry and contains no asymmetric carbon atoms, is converted into 
mandelic acid, which does have an asymmetric carbon atom and is opti¬ 
cally active. The nascent hydrogen may add to the ketone carbonyl 
group in two ways and at different rates because of the asymmetry of 
the molecule due to the presence of the /-menthyl group. In a similar 
manner, the pyruvates of 1-menthol, 1-borneol, and 1-amyl alcohol yield 
optically active lactic acids “ by reduction and hydrolysis. 

CHjCOCOjR* - CHjCHOHCOiR* - CH,CHOHCO,H 

where R* is au optically active group. 

Treatment of optically active esters of a-ketome acds " th ‘ 
Grignard reagent, followed by hydrolysis, also produces optically active 
hydroxy acids. The general reactions are as follows: 


0 

II 

R—C—COaH 

(Optically 

inactive) 


o OMgX 

U'MgX J, rn p* 

R—C—CO*R -* R—C—CO a R 


R/ i 


OH 

R—C—CO,H + R*OH 

(Optically 

active) 

McKenzie and his coworkers •• investigated some tlmtyoxamplcsof 
the above type, in which a variety of groups was used. Some of the 

groups were: 

R-C.H.—; (p)CHjOCeH. ; CH,-| a-C,„H^ 

(Opt. act.) R* - I-menthyl; 1-bornyl; d- and 1-2-octyl 
R' = CH,-; C-Hi—; -CzHt-; C.H*- 

In each case, asymmetric syntheses are effected and the resulting 
hydroxy acids contain an excess of one of the optical isomers. 

-McKenzie. *H.. 87. 1373 (1905); McKenzie ond Wren, Md.. 89. 088 (1905, 

MC »McL^d"^c^.^.T^9 (1004) . 98. 544 UOOO): *, •» 

1 (1931) ; 250. 370 (1932) .231. 412 (1031). 
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An interesting asymmetric synthesis was reported by Marckwald, 40 
who prepared the acid brucine salt of ethylmethylmalonic acid, Fig. 33. 
This solid salt was then heated to 170°, thereby eliminating carbon 
dioxide from the molecule and forming the brucine salt of ethylmethyl- 
acetic acid, Fig. 35. Removal of the brucine gave a Zero-rotatory ethyl- 
methylacctic acid, Fig. 36, which was found to contain 55 per cent of the 
Z-form and 45 per cent of the d-isomer. 


CHj^ /C0 2 H 

c 2 h 6 


/ C \ Q{ + C*aH,f0 4 N* 


0 2 H 
Fio. 33 

CH 
C 2 H 


CH»v /C0 2 H 

^co 2 c 23 h 2 70 4 n 2 

Fig. 34 


i 


Heat 



Fio. 36 


Fig. 35 


The process thus starts with the malonic acid, Fig. 33, which is sym¬ 
metrical, and ends with the cthylmethylacctic acid, Fig. 36, which con¬ 
tains an asymmetric carbon, and which is optically active. No resolu¬ 
tion is involved, since cquimolccular amounts of the malonic acid and 
brucine are used, and the solvent is evaporated completely in producing 
the brucine salt. 

Eisenlohr and Meier 41 have demonstrated that the acid brucine 
salts decompose at the same rate and suggest that during the evaporation 
of the solvent unequal amounts of the diastereoisomeric acid brucine 
salts (Fig. 34) are produced so that the solid material contains an excess 
of one diastcreoisomer. Decarboxylation then produces an excess of one 
isomer of ethylmethylacetic acid. 

In practically all cases, the active products obtained by asymmetric 
syntheses are not optically pure. The amount of one isomer usually 
exceeds hat of the other isomer by not more than a few per cent. This 
has been demonstrated in most instances by independent synthesis of the 
pure d- and /-forms, and observation of their maximum optical rotation. 

Bredig 42 and his collaborators studied the addition of hydrogen 
cyanide to benzaldehyde. In the presence of d-quinidine, an optically 
active mandelonitrile was produced which hydrolyzed to a dextro mnn- 

40 Munkwuld. litr .. 37. 349 (1904); Tijmstra I iz. Her., 38. 2105 (1905); Erlemncyor, 
Uiuchem. Z., 64. 3GG (1914). 

41 Eisenlohr and Meier. Utr., 71. 1005 <19381. 

41 Bredig and Fiske. Biochcm. Z., 46. 7 (1912); Bredig and MinnclT, ibid., 249. 241 
(1932). 
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delic acid. In the presence of /-quinine, the same reactions produced a 
'** mandeliC aCid ' CeH.CHOHCN - CH.CHOHCO.H 

QuioidinO 


CeHfiCHO 


hcn 


Quinine 


C.IUCHOHCN - C.H*CHOHCO,H 


dfXtro 


4K.5q dritro 

% ‘ 


iiMl u~ 


Five other aldehydes were shown to behave similarly, and the 
results parallel in a striking manner the asymmetric synthesis of opt.- 
tally active cyanohydrins from aldehydes and hydrogen cyanide in the 
presence of the enzyme, emulsin,« from almonds. Thus, d-mandelo- 
nitrile is obtained from benzaldehyde and hydrogen cyanide in large ex¬ 
cess over f-mandelonitrile, since hydrolysis gives f-mandel.c acid, which ,s 
optically pure after only two crystallizations. 

Many additional asymmetric syntheses have been effected by en¬ 
zymes. Some of these are listed below in order to give an idea of the 

scope of the studies. 


C e H*CH=CHC0 2 H + H 2 0 — (0 C«H*CHCH 2 C0 2 H 

OH 

CHCO 2 H „ pp u 

Fumaruf CH S C0 2 H 
HO 2 CCH + H 2 O --> (0 


a 


(YewO iH-C02H 


:hohco 2 h 

CHCO 2 H A-p.r« M c CIINIICO.H 

II + NH, - - T-» (0 

HO 2 CCH 

CH a C0C0 2 H L>V —> (d) CHjCIINHjCOjH 
C e H 6 COCH 3 ——> (0 C.H.CHOHCH, 

C*H 6 C0C0 2 H RcdUCt - M -> (0 C«HfcCHOHCOjH 

4 * IloBcnthalcr. *«.. 14. 238 (1008,; IT. » l ’ ? ^ 

Permenlfuraehung, 6. 334 (1921,; Arch. Pharm.. 249. 610 (1911). 

*« Dakin. /. Biol. Chem.. 62. 183 0922)- 

“Sumiki. Dull. Jap. Soc. Fermcmi..*3. 33 <^1928)- 

*• Embdcn and Schmitz. Biochcm. Z .. 29. 423 (1910). S8. 393 (191.L 

« Noubcrg and Lcwitc. ibid.. 91. 257 (1918); Ncuberg and Nord. Ber., 62. ..37. 2.48 

(19 « 9, Roacnthalor. Z. </n*r.ucA. *cAr. «. Ccnu.^n.. 20. 448 (1910). 


(Dakin) 44 

(Dakin) 44 

(Sumiki) 44 

(Embden) 44 
(Xcuberg) 47 
(Rosenthalcr) 48 
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Carboliaaae 

CHjCHO + C»H s CHO -> (0 C«H $ CHOHCOCH 3 (Neuberg) « 

KetoaldebydemutAsea 

CH 3 COCHO 4- H 2 0 -> (rf) or (0 CH 3 CH0HC0 2 H 

(Neuberg) » 

A comparison of the optical purity of the products of these enzymatic 
asymmetric syntheses with the previously cited asymmetric syntheses, 
using optically active reagents of known structure, shows that in the 
enzymatic reactions one optical antipode is often produced in great 
excess over its isomer and sometimes approaches 100 per cent optical 
purity. 

Enzymes are complex organic compounds which are known to be 
optically active. The asymmetric synthesis effected by means of 
enzymes probably involves a combination of the substrate with the 
enzyme to produce an asymmetric molecule, which then undergoes 
selective hydration, reduction, or amination. Since the reaction is so 
one-sided, however, it is not certain that exactly the same mechanism is 
involved in enzymatic asymmetric syntheses as in the simple reactions 
studied by Marckwald and McKenzie. 

The asymmetric syntheses brought about by enzymes are important 
because they offer a possible explanation for the continual production of 
optically active compounds in plants and animals. It should be noted, 
however, that none of these asymmetric syntheses offers an explanation 
of the origin of optically active compounds. The original optically 
active compound or enzyme necessary for these asymmetric syntheses is 
still to be accounted for. 

Considerable interest has been manifested in a phenomenon termed 
asymmetric induction , which has been defined by Kortiim 61 as the action 
of a force, arising in an optically active molecule, which influences 
adjacent symmetrical molecules in such a way that they become asym¬ 
metric. Two types are generally distinguished, intramolecular and inter- 
molecular, depending on whether the systems involved are in the same 
or different molecules. At the present time, the evidence supporting the 
idea of asymmetric induction is not at all conclusive. An excellent 
review of the subject has been contributed by Ritchie. 62 

An absolute asymmetric synthesis would consist in the preparation of an 
optically active molecule without using at any stage of the synthesis an 

49 Neuberg and Hirsch, Diochcm. 7... 115, 282 (1921); Neuberg and Ohle, ibid., 128, 
010 (1922). 

10 Neuberg. ibid.. 49. 602 (1913): 61. 484 (1913). 

#l KortUm, Sam ml. chan, chcm.-lech. Vorlrilgc, 10 (1932). 

11 Ritchie. “Aeymmotric Synthesis and Asymmetric Induction," Oxford University 
Press, London (1933). 
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optically active reagent, and without using any of the methods of resolu¬ 
tion. In order to induce the formation of an excess of one enantiomorph, 
the effect of various physical agents on the reactants has been studied. 
The only agent which has yielded interesting results is circularly polar¬ 
ized light (p. 285). . , 

Cotton “ attempted to effect an asymmetric decomposition by ir¬ 
radiating the alkaline copper dMartrate with dalro- and ^circularly 
polarized light, but no excess of one form resulted. This has been shown 
by Byk to be due to the fact that photochemical reductions can be 
effected only by the ultra-violet components of sunlight, whereas the 
alkaline tartrates exhibit circular dichroism only at the red end of the 


spectrum. , ... { 

Numerous other attempts to effect selective decomposition of race- 

mates were unsuccessful. In 1929, however, Kuhn and Braun ob¬ 
tained a faintly active product by the photochemical decomposition o 
CHjCHCOiCiHs with dczlro- and fcco-circularly polarized light of 

I 

wavelength X - 2800, which corresponds to one of the absorption 
bands of this compound. The rotation, however, was very smafionly 
±0.05°. In 1930, more conclusive results » were obt«ned by he de¬ 
composition of a-azidopropionic dimcthylamidc, CH,CHCOMClI,) s . 

/ N \ 

N=N 

This molecule has a specific absorption band at X = 2900, which U. due to 
the azido group. The d- and f-forms of this am.de exhibited cnrcu Ur 
dichroism at this wavelength. The dl -amide was irradiated wrtl Mo- 
circularly polarized light, and the product was d^mctly dexfro-rota my 
(+0.78°). Irradiation with /^circularly polarized l.gh gave a kvo- 
rotatory product (-1.04°). Hence, it seems to be possible to effect an 
asymmetric decomposition by means of d- an.l (-circular y polar aed 
light, although the products of the decomposition were not >sola <l o 
identified. Calculations also showed that only one molecule of the 
amide was decomposed per quantum of light absorbed. ^ htchc 1 
also effected a similar asymmetric photochemical decomposition of 
humulene nitrosite, C 15 H 2 ,N 2 0 3 , by d- and f-circularly polarized red 

Ugh The rate at which certain sugars undergo mutarotation has been 

“Cotton. Ann.*im. |7| 8. Ml'<»«*>• 

M Kuhn and Braun. SalurwissmschafUn. 17. -.7 (1929). 

“ Kuhn and Knopf, ibid.. 18. 183 C1930)! pbyde. Chet*., 7B. 292 (1930). 

M Mitchell, J. C 'hem. Soc.. 1829 (1930). 
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shown by Souty 67 to be different for d- and /-circularly polarized light 
of wavelength 5461 A. No difference in the rates was observed for 
light of other wavelengths. 

The asymmetric formation of compounds has been studied by several 
investigators, most of whom obtained negative results. However, 
Karagunis and Drikos 58 obtained optically active compounds by the 
addition of chlorine to triarylmethyl radicals when the reactants were 
illuminated by circularly polarized light. For example, the following 
reaction was carried out under the influence of both dr and /-circularly 
polarized light at two wavelengths, X = 4350 and 5890. At the end of 
about one hour, a maximum rotation of +0.08° was obtained for the d- 



C fl Hs 

I 

2C«H fcCtlif—C—Cl 

I 

C, 0 H 7 


circularly polarized light, and —0.08° for the /-circularly polarized 
light. After the reaction had gone to completion, the product was in¬ 
active. The d/-chloridc and the free radical itself were unaffected by 
either form of circularly polarized light. 

Davis and Heggic 58 have treated 2,4,6,-trinitrostilbene (Fig. 37) 
with bromine under the influence of d-circularly polarized light of 
wavelength 3600-4500 A. The trinitrostilbene possesses an absorption 
band in the ultra-violet region, and the bromine exhibits a strong absorp¬ 
tion for light of the wavelength used. The formation of excited bro- 


NO* 

I 





NO* 



17 Souty. Compt. rend.. 199. 19S (1934). 

“ Kurngunis and Drikos. Xalunriascnscha/tcn, 21. G07 (1933); Kalurc, 132. 354 (1933) 
Z. phj/sik. Chem., 26B. 428 (1934). 

*’ Davis and Hcggic, J . Am. Chem. Soc.. 67. 377 (1935). 
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mine atoms at this wavelength has been shown by Mecke.‘ Hence, 
conditions were favorable for a reaction between activated bromine 
atoms and activated trinitrostilbcnc molecules which led to an opti¬ 
cally active dibromotrinitrostilbcnc (Fig. 38). The rotations observed 
were low, but beyond experimental error. In benzene as the solvent a - 
0.023°: in carbon tetrachloride, a = 0.021°; in acetic acid, a = 0.022 , 
in nitrobenzene, a = 0.040°. The activity was exhibited only after 
partial reaction had taken place at the end of a certain optimum time in¬ 
terval. After complete reaction, the products were optically inactive 
The same reaction mixtures showed no rotation under the influence of 
plane-polarized light, and exposure of the final product to d-circularly 

polarized light did not cause any activity. 

The last two examples of asymmetric syntheses cited arc o ospccia 
value, since the studies were carried out on well-known reactions, and 

the products possessed definite structures. , • , 

Since sunlight reflected by the sea is partially oHiptioally polorizod 
an asymmetrical photochemical agent has been available for ages which 
could start the chain of asymmetric syntheses of the active compounds 
found in plants and animals. 


PART VI. OPTICAL ISOMERISM OF CYCLIC COMPOUNDS 

Compounds Containing Asymmetric Carbon Atoms in the Ring 

In number and character, the optical iso.ncis of cyclic compounds 
with asymmetric carbon atoms forming parts of the ring am, m genem 
quite similar to the corresponding open-chain compounds In .none, 
cyclic compounds with three, four, and five carbon atom_mrtho^ring the 
number of isomem found agrees with the assumption that these nngs 
arc planar and that the groups attached to each carbon atom propel 

above or below the plane of the ring. 

Although rings of six carbons am probably not P 1 ^ ' , 'c | smn^ 

observed in such molecules conform to the """^r calculated on the 

basis of planarity of the A* from the standpoint 

<»-'• cvcn — 

-»- — 

compounds-mpounds from open-chain compounds chiefly in that 

40 Mecke, Trans. Faraday Sue.. 27. 3&U < 103D- 
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no free rotation between the ring atoms is possible and consequently cis- 
trans isomerism may exist as well as optical isomerism (p. 477). 

Three-Membered Rings. A cyclopropane with the general structure 
cf Fig. la contains only one asymmetric carbon atom (*) and hence 
exists in d- and i-forms represented by Figs, la and 16. The carbon atom 


i 



Mirror 


Fio. 1 a Fio. 16 

marked with an asterisk is asymmetric, as may be seen by imagining the 
ring opened between the other two carbon atoms. 

The representation of the structures of cyclic compounds by formulas 
such as those shown in Figs, la and 16 is more convenient than using 
tetrahedra.* If two different asymmetric carbon atoms are present, as 
in Fig. 2, then four optical isomers arc possible which constitute two 
racemic modifications. Figure 3 shows a molecule with three different 


a 

.L 



Fio. 2 Fio. 3 


asymmetric carbon atoms which may exist as eight optical isomers or 
four racemic modifications. 

If two like asymmetric carbon atoms arc present then a meso and a 
racemic modification may exist. Figure 4 represents the rneso form, and 
Figs. 5 and 6 the racemic modification. The rneso form is a cis-trans 
isomer of the racemic modification. 



• Models of tho simplo cyclic compounds may easily be constructed by cutting tri¬ 
angles. squares, etc., of cardboard and insorting matches at the corners to represent tho 
groups. 
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In cyclopropane derivatives with the following general structure 
(Figs. 7-10), carbon atom number 2 is pseudoasymmetric. Two meso 
forms exist shown by Figs. 7 and 8, and two active forms shown by Figs. 9 
and 10. These forms, Figs. 7, 8, 9, 10, parallel the forms of the chain 



meaoi 



molecule represented by A-B-A. From the viewpoint of geometrical 
isomerism (p. 478) there are three cis-lrans isomers; one is represented 
by Fig. 7, one by Fig. 8, and the third cis-lrans isomer is the racemic 
modification composed of equal amounts of the d- and l-fonns repre¬ 
sented by Figs. 9 and 10. The two meso forms and he racemic modifi¬ 
cation are diastereoisomers of each other and, therefore, have different 
physical properties and react at different rates with varum, reagen, 
Four-Membered Rings. The number and nature of the stereoiso¬ 
mers of cyclobutanc and cyclopentane derivatives can be deduced from 
considerations of the models of these ring compounds using the same 
general considerations cited above for the cyclopropane compounds 
The following general formulas represent a summary of the isomcis 
existing in cyclobutanc derivatives substituted in the manner indicated 

<F 'Modules of the type shown in Fig. 22 are represented by the five 
truxillic acids which are formed by the dimer,ration of Irons -cinnamic 
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Fio. 16 Fia. 16 


a a 



4 '/{-forms 
2 m«o 


No optical isomers 
4 cis-traru forma 


Fio. 17 


Fio. 18 



Fio. 19 Fio. 20 



1 <//-forra No optical isomers 

1 mcso 5 cis-trans forma 

Fio. 21 Fio. 22 


acid. Each of them is identical with its mirror image, although a- 
truxillic acid (Fig. 23), unlike the other four isomers, has no plane of 
symmetry. Its symmetry results from the fact that when, from any 
atom in the molecule, a line is drawn to the point P and extended an 
equal distance beyond, it meets an atom identical to the one at its 
origin. Any molecule possessing such a point, called a center of symmetry , 
is identical with its mirror image. 

Another unusual element of symmetry must be postulated for mole- 
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cules in which the b groups of Fig. 18 are present as enantioraorphic pairs. 
Figures 28-32a represent some (but not all) of the isomers possible for 



Fio. 27 


Each of the compounds, Figs. 28 and 81. has a plane of symmetry. 
The compounds of Figs. 29 and 30 are asymmetric and together con¬ 
stitute a racemic pair. Although the compound of Fig. 32a possesses 



none of the symmetry elements previously described, nevertheless it w 
identical with its mirror image. Examination of its structure shows that. 
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when the groups below the plane of the ring are rotated 90° in a plane 
parallel to the plane of the ring, about an axis, X Y perpendicular to the 
ring at the center, the mirror images of the respective groups appear 
above them as shown in Fig. 326. Such an axis, XY has been termed an 
alternating axis of symmetry —the term arising from the fact that enantio- 
morphic groups in the original molecule, Fig. 32a, alternate successively 
above and below the plane of the ring. The concept is limited to cyclic 
compounds with a perfectly symmetrical alternating distribution of 
groups around the ring. Thus Fig. 32c contains an alternating axis of 
symmetry but Fig. 32d docs not. Olefins may be regarded as two mem- 

‘O* X 

Fxo. 32c Fig. 32d Fio. 32c 

bcred rings so that Fig. 32c has an alternating axis of symmetry but 
neither a plane nor a point of symmetry. 

Five-Membered Rings. The isomeric forms of substituted cyclopen¬ 
tanes indicate that the five carbon atoms of the ring are also in one plane. 

The furanose forms of the sugars constitute important examples of 
heterocyclic five-membercd rings (Figs. 33a, 336). The 7 -lactones 
(Figs. 33c, 33 d) are also important five-membered ring compounds. 



0-Gluconofuranoso a-Gluconofurunose 


Fio. 33a Fio. 336 



u 


7-Gluconolactone d-Erythronolactone 

Fio. 33c Fio. 33 d 

Six-Membered Rings. The status of cyclohexane derivatives cannot 
be regarded as settled. The study of the chemical and physical proper¬ 
ties of rings containing six or more atoms has shown that such ring 
systems may not be planar. Examination of the isomeric forms of fused 
ring systems (p. 328), and construction of the models of such compounds, 
have shown that the carbon atoms in six or more membered rings unite 
in a manner involving the minimum deviation from the regular tetra- 
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hedral anglr, ann nenro, according lo Sachsc and Mohr, form “sirainless 
rings” (p. 69). 

The models of cyclohexane indicate that two forms are possible. These 
are the “boat or CMorm” (Tig. 34 or 34a), and the “chair or Z-fnn.r 
(Fig. 35 or 35a). However, no isomeric forms of cyclohexane or its 



Fio. 34 


Fio. 35 



Fio. 31a 


Fio. 35a 



Fio. 346. 


Fio. 34c. 


Fio. 31*/. 


derivatives have been isolated with certainty up to the present time. 
K seems probable that then- is an equilibrium la-tween the two forms of 
such molecules and that the two structures vibrate from one to the other 
so rapidly that the net average result is a planar molecule. 

Stuart' has constructed atomic models which represent the atoms 
in their relative sizes as deduced from x-ray data. They are so formed 
that, when appropriate atoms are linked together into a molecule, the 
relative interatomic distances are maintained in the structure. A photo¬ 
graph of the boat form of cyclohexane is shown in l'ig. 34-/. Benzene is 
shown in Fig. 34c for comparison. When attempts are made to Imild the 
chair form of cyclohexane the peculiar-appearing strainless model of 
Fig. 346 results. Although very useful and instructive, the Stuart models 
have been found in practice to represent the structures of molecules in 

■ Stuart. Z. Mil*-*- CAtm, B27. 3S0 11927). 
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more compact form than actually exists. Thus the conversion of the 
boat to the chair form of cyclohexane involves a much greater strain 
using these models than the chemical study of cyclohexane would lead 
one to believe. 

By mathematical analysis Brodetsky 2 believes the Z-form of the 
methyl cyclohexane ring can give rise to two isomeric monosubstituted 
derivatives, while Henriquez 3 deduces one fixed Z-modification and an 
infinite number of mobile modifications of which the C-form is one. 

The existence of boat and chair isomers would be possible only if the 
substituents were of such nature as to cause the stabilization of the 
positions of the atoms constituting the ring. The only examples of such 
a stabilization have been found among fused ring systems, which will be 
discussed in the next section. The numerous attempts, on the other 
hand, to find substituents which will cause a fixation of the two forms in 
monocyclic compounds have failed to yield convincing results. 

In a monosubstituted cyclohexane, such as cyclohexanol, the boat 
form appears to exhibit position isomerism (Figs. 36, 38, 39), geometric 
isomerism (Figs. 36 and 37, 38 and 40, 39 and 41), and optical isomerism 



Fig. 42 Fig. 43 

2 Brodetsky. Pmc. Leeds Phil. Lit. Soc., I. 370 (1929>; Wightmon, Chemistry 
Industry. 68, 604 (1939). 

* Henriquez, Proc. Acad. Sci. Amsterdam, 37. 532 (1934). 
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(Figs. 38 and 39, 40 and 41). Actually, however, each of the forms 
36-41, inclusive, is convertible into the other without the necessity of 
passing through a strained configuration; rotation is as free in these 
forms of strainless rings as in an open-chain molecule. In the chair form, 
however, the structure is rigid, so that the two possible isomers (Figs. 
42 and 43) cannot be converted into each other without momentarily, 
at least, adopting a strained configuration. Moreover, the conversion 
of a chair to a boat form involves some degree of strain. In an attempt 
to isolate chair and boat isomers, Wightman * converted 1-carbomethoxy- 
cyclohexylformic acid (Fig. 44) into 1 -carbomcthoxycyclohexylforma- 
mide (Fig. 45) by two methods, one involving the conversion of the 



(DOOH 

COOCH, 



CONHj 


COOCH, 


Fio. 44 


Fio. 45 


carboxyl group of Fig. 44 to the amide and the other the conversion of 
the ester group to the amide and esterification of the carboxyl. Two 
compounds, bearing the same relationship to each other as do the cyclo- 
hcxanols of Figs. 42 and 43 or of Figs. 36 and 37, were produced The 
two proved to be identical, showing that such isomers, if they exist at all, 

must be present as an equilibrium mixture. 

A planar model of 4 -mcthyl-l-carboxycyclohoxylacctic acid (Fig. 
46) possesses two cis-trans isomers (Figs. 47 and 48). A_strainless ring 
model has theoretically eight possible forms (Figs. 49-56) on the bas.s 
of one chair form and one boat form of cyclohexane. 


CJI 


Y —\j co ' a y \i 

Fio. 46 F, °* 47 

A 


o 


Fio. 48 


u 

t.'A 


V 


Fio. 49 





v 




Fio. 62 


a /—A 


Fio. 53 


Fio. 54 


Fio. 55 


Fig. 66 


Pdn. by . .tad, o, ,bo —a 
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M. Quadrat-I-Khuda 6 reported four isomers of the compound shown 
in Fig. 46, but Goldschmidt * found that two of the isomers reported by 
Khuda were merely molecular compounds of the other two. Miller and 
Adams 7 obtained further evidence from a study of 4,4-dimethyl-l-car- 
boxycyclohexylacetic acid and 4,4-dimethylcyclohexyl-l,l-diacetic acid 
that isomers of this type do not exist. 

Vogel 8 has reported having obtained methylcyclohexanes in C- and 
Z-forms depending on the mode of preparation. From pure 2-, 3-, or 4- 
methylcyclohcxanones, by Clemmensen reduction, he obtained a single 
stable methylcyclohexane (df* 0.7693, nf> 1.42316) identical with that 
resulting from the dehydration of 2-methylcyclohexanol followed by 
reduction. However, the methylcyclohexane prepared by a modified 
Wolff-KLshner reduction of the pure 2- and 4-cyclohexanone semicar- 
bazones had the following constants, dj° 0.7676, n d 1.42311, and upon 
standing several days or more rapidly upon warming changed to a 
product with constants dj° 0.7695, n f? 1.42326. Vogel interpreted these 
results as isolation of an unstable and a stable form of methylcyclohexane 
representing C- and Z-modifications. The acceptance of these conclu¬ 
sions must await confirmation and further experimentation. 

Up to the present, therefore, no conclusive evidence is available to 
suggest the calculation of the number of isomers of a monocyclic ring 
system with six atoms except on the basis of a planar ring. Thus, the same 
conditions obtain as in the three-, four-, or fivc-membercd ring com¬ 
pounds and the number of isomers is dependent on the number of asym¬ 
metric carbon atoms present. If the asymmetric carbon atoms are all 
different from each other the number of isomers is equal to 2 n (where n = 
number of asymmetric carbon atoms). 

Limonenc is an example of a compound with one asymmetric carbon 
atom. It exists in a d- and an /-form, Figs. 57 and 58. 


yCH t —CHj\ .H 

CHr-C^ ^>C<f 

X CII—CH,/ X C=CH, 


ill, 


T io. 57 


H w CH - CF K 

I1,C=C/ X CH,—CH^ 

in, 

Fio. 58 


C-CH, 


The racemic modification is known as dipentene. 

Hexahydro-o-toluic acid (Fig. 59) is an example of a cyclohexane 
derivative with two different asymmetric carbon atoms. It, therefore, 

• Quadrat-I-Khuda. J. Indian Chcrn. Sac.. 8. 277 (1931); Xalurc, 132. 110 (1933); 
13G. 301 (1935). 

8 Goldschmidt and Grofingcr, Ber., 69. 279 (1935). 

7 Miller and Adams, J. Am. Chcm. Soc., 68, 787, 2G59 (1930). 

8 Cowan, Jeffery, and Vogel. J. Chcm. Soc.. 1S62 (1939); see. also, Vogel, ibid., 333 
175S (1934); 1323 (1938). 
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exists in two racemic modifications. The same number of racemic forms 
exists for hexahydro-m-toluic acid (Fig. 60), but the para compound 
(Fig. 61) does not possess any optical isomers, since this molecule has 
no asymmetry. It does exist in two geometric forms. 



Fio. 59 



Fio. GO 


CHjv /CHt-CH^ /CO^H 

C C 

y / N:h s —ch/" 

Fig. 61 


The hexahydrophthalic acids illustrate cyclic compounds with two 
similar asymmetric carbon atoms. Figure 62 represents the roeso or cis 



CO*II COjH 


Fio. 62 

mc.'O or ft* 


form, and Firs. 63 and 04 the d- and Worms of the racomic modification 
which is trans. 


^CH*— 

ch jn ^ 


J/ 

1 

H 

1 

co 2 h 


CH: 


Fio. 63 



Racemic or Irons 
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Hexahydroisophthalic acid (Fig. 65) also exists in meso and racemic 
modifications. The isomerism of these compounds hence parallels that 
of tartaric acid (p. 232). Hexahydroterephthalic acid (Fig. 66) possesses 



C0 2 H 

Fio. 65 Fio. 66 


no asymmetric carbon atoms and a plane of symmetry, and hence does 
not have any optical isomers. 

Menthol is an example of a cyclic compound with three different 
asymmetric carbon atoms (Fig. 67). Eight optical isomers are possible, 



existing as four racemic modifications. The common form, /-menthol 
((a] D —54.75°), is the chief constituent of oil of peppermint. 

The normal or pyranose forms of the sugars constitute important 
examples of heterocyclic six-membercd rings containing five different 
asymmetric carbon atoms. Figures 68 and 69 represent the formulas 
of a- and /3-glucose. These two forms are diastereoisomers. Since 
there are five different asymmetric carbon atoms in the glucopyranose 
ring, a total of thirty-two optical isomers which constitute sixteen race¬ 
mic modifications is possible. 

The substituted diketopiperazines illustrate another type of six- 
membercd heterocyclic ring. Alanyl anhydride or 2,5-dimethyldike- 
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topiperazine contains two like asymmetric carbon atoms and hence 
exists in an inactive or meso form, and two optically active forms con- 


OH OH 



H CHjOH 

a-Glucose 
Fio. 68 


OH H 



H CH,OH 


0-Glucose 
Fio. 69 


stituting a racemic modification. Figure 70 represents the meso or 
inactive form, and Figs. 71 and 72 the mirror images of the racemic 

CH, CO-NH H 

X *■ X 

H NH—CO CH, 

Fio. 70 
mcso 


CH, CO—NH CH, 

X 

NH—CO H 


CH, t 

H x, 


CH, NH—CO CH, 

X X 

H CO-NH H 


Fio. 71 


Fio. 72 


Al 


modification. Examination of these three structures shows that none 
of them possesses a plane of symmetry- Construction of the ^r or image 
of the model of Fig. 70, in which the methyl po p the (rans 

position, however, shows that the mirror image is identical with the 

original. shown in Fig. 70 constitutes another example of a 

srA, <p. »». ti. r «« *»■» 

Fies 71 and 72 do not possess such a center of symmetry. 

MaLy-Membered Rings. Substituted rings containing more than six 
members have received little attention from the viewpoint of steteochem- 
istry. Evidence favors the conclusion that the same number of optical 
isomers will exist as may be calculated on the basis of aP'^arrmg. 

An interesting experiment was performed in an attempt to resolve 
the semicarbazide of cyclononanone. The Stuart models represent this 
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molecule as so compact that the mirror images are not interconvertible. 
The resolution failed, 9 however. 

Fused Ring Systems 

For convenience in discussion and determination of the number of 
isomers, compounds containing fused rings may be classified into the 
following groups. 

1. Alicyclic compounds in which the rings are fused through adjacent 
atoms. 

(a) Two five- (or more) membered rings fused through adjacent atoms. 

(b) Three five- or six-membered rings fused through adjacent atoms. 

(c) Two rings fused through adjacent atoms, one ring of which is 
highly strained (contains three or four atoms). 

(d) Molecules containing several rings fused through adjacent atoms. 

2. Alicyclic compounds containing five- or six-membered rings fused through 
non-adjaccnt atoms. 

3. Fused systems containing rings of more than six members. 

4. Molecules containing more than two fused rings. 

Group la. The same rules which are used to determine the number 
of isomers in monocyclic compounds apply to substances in group la. 
Thus, 3,3,0-bicyclooctane (Fig. 73) which has no asymmetric car¬ 
bons exists in a cis form (Fig. 74) and a trans form (Fig. 75); hex- 
ahydrohydrindanc (Fig. 76) which possesses two similar asymmetric 
carbons exists in a meso-cis (Fig. 77) and a racemic-frans form (Fig. 78); 
methylhexahydrohydrindane (Fig. 79), which possesses two different 
asymmetric carbon atoms, exists in a raccmic-cfs (Fig. 80) and a 
racemic-frans form (Fig. 81); and dccalin (Fig. 82) with no asymmetric 
carbon atoms exists in a cis (Fig. 83) and a trans form (Fig. 84). 

The existence of the trans isomers of these substances affords the 
most conclusive evidence for the strainless configuration of rings con¬ 
taining five or more atoms. These structures follow logically the use of 
the tetrahedral carbon atoms in their construction. They arc discussed 
in some detail elsewhere (p. 4S4). 

Optical isomerism is found only in the trans form of hexahydrohydrin- 
dane (Fig. 78) and in the cis and trans forms of methylhexahydrohydrin- 
dane (Figs. 80 and 81) as it is only these forms which possess non- 
superimposable mirror images. 

* Marvel and Glass. J. Am. Chtm. Soc .. 60. 1051 (1938). 
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<JH 5 -CH-CH* 

CH 2 Ch 2 

CH 2 -CH-CH a 

Fio. 73 



o<^<> 


Fio. 75 



The dccahydro-a- and ^naphthoLs(Figs85and86)nnd fcohydro-*- 

naphthylaminc (Fig. 87) con.slitutc examples of fused stramlcss ngs 
possessing three asymmetric carbon atoms (marked ). I-ach of these 
compounds may exist in eight optically active isomer <2 which con¬ 
stitute four racemic modifications, all of which have been isolated. 


II 011 



Fio. 85 



In view of the fact that molecules containing two fused rings of the 
type just discussed arc of very common occurrence, a generalisation 
concerning the possible number of isomers is desirable. It is assumed in 
these generalizations that no asymmetry is present ,n either ring which 
would necessarily increase the number of possible isomers. 
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A compound containing two similar unsubstituted rings of five or 
more members, fused through two adjacent atoms, may exist in two 
geometric forms, a cis and lrans t both of which will be inactive and 
incapable of resolution owing to the absence of asymmetry in the 
molecules. 

If the two similar rings are substituted either on the fusion atoms or 
in the rings and the substituents are so placed that neither of the two 
fusion carbon atoms is asymmetric the cis and Irans forms will also be 
inactive and incapable of resolution. 

If the substituents are so placed that the two fusion atoms are asym¬ 
metric and identical, the cis and the Irans forms may be either meso or 
racemic, depending upon the positions of the substituents. Such 
examples are shown in Figs. 88 and 89. The trans form of Fig. 88 is 
meso; that of Fig. 89 is racemic. 


(CH 3 ) a 




If the substituents arc so placed that the two fusion atoms are 
asymmetric and not identical, both the cis and Irans forms will be 
racemic. 

A compound containing two unsubstituted rings, each of a different 
size and each of five members or more, fused through adjacent atoms 
may exist in cis and trans forms; the fusion atoms will be asymmetric 
and identical, and consequently the cis form will be meso and the Irans 
form racemic. The introduction of substituents in the molecule, either 
on the fusion atoms or in the rings, may also lead to fusion atoms which 
arc asymmetric and identical and result in cis-mcso and Irans- racemic 
forms. If, however, the substituents arc so placed as to cause the 
fusion atoms to be asymmetric and not identical, both the cis and Irons 
forms will be racemic. 

Group lb. If three five- or six-membered rings arc fused through the 
same two adjacent carbon atoms, a rigid structure results as shown in 
Fig. 90. 

No cis and trans isomers can exist since interchange of two of the 
linkages at each of the fusion carbon atoms would involve impossible 
strains. In the existing form shown, optical isomerism may occur only 
when each of the three rings is different from the others since only in 
such molecules arc the elements of symmetry absent. 
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Group lc. In a molecule with two rings fused through two adjacent 
carbon atoms, one ring of which is highly strained as in three- or four- 
membered rings, only one geometric form is found. Thus m cyclo¬ 
hexene oxide (Fig. 91), a six-membered cyclohexane ring; and ■ three- 
membered ethylene oxide ring are fused together As the two hydro¬ 
gens are on one side of the six-membered nng and the oxygen on the 
other, Fig. 91 represents a cis modification which ia mesa. The hypo¬ 
thetical Irons form is shown in Fig. 92. The hydrogens on oppos.tc 



sides of the six-membered ring necessitate a linking of the valences of 
the oxygen atom through Irons positions. This structure involves such 
a tremendous strain that this isomer cannot exult Hence, only one 
form of cyclohcxenc oxide is known, the cis or ineso form. 

If the restraining effect of either of the rings .s removed by opening 
them, the normal number of forms is obtained. For example, the glycol, 
Fig. 93, exists in a m«0 or cis form and a Irons or racemic modification. 
2-Chlorocyclohexanol (Fig. 94) may exist in four optically active forms 
composed of two racemic modifications, but treatment with alkah yields 
only one inactive cyclohexene oxide. These examples illustrate the 
freedom conferred on the groups by the removal of the three-membered 

ethylene oxide ring. ,. . , 

Removal of the cyclohexane ring leads to ethylene oxide which, o 

course, cannot exist in stcrcoisomoric forms, but its carboxylic acid 
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derivatives can. Thus Fig. 95 represents the meso form and Fig. 96 the 
trans or racemic modification of ethylene oxide dicarboxylic acid. Both 
forms are known. The meso and racemic forms of 2,3-epoxybutane have 
also been obtained. 



Fio. 93 Fio. 94 


CO*H CO*H 

A 

I u | 

H H 

Fio. 95 



H CO 2 H 

r^Y 

ho 2 c h 

Fio. 96 


For the present discussion a cyclic molecule containing a double bond 
in the ring may be considered a type of double ring system fused on 
adjacent carbons, one ring of which merely has two atoms. As a result 
of the previous considerations the same situation should obtain as in 
fused ring molecules containing one highly strained ring. Existence of 
a single geometric form, a cis modification, would be expected; thus 
cyclohexene or cyclopentenc may be cited as examples, each of which 
has been isolated in a single form only. The olcfinic ring must be of 
sufficient size (p. 336) to allow the trans modification of the olefin to be 
formed without appreciable strain before both geometric isomers may 
be anticipated. No such compounds have been obtained experimentally. 

Group Id. When several rings are present in a molecule, each fused 
to the next one through two adjacent atoms, the stereochemistry of each 
individual substance must be considered independently. The strains in 
compounds of this kind will be contingent upon the fashion in which the 
rings are fused. Actually the number of isomers which can exist will 
usually be much smaller than that calculated on the basis of the asym¬ 
metric carbon atoms present. Thus, dihydrocholestcrol (Fig. 97) repre- 



«ents a fused system of rings. Inspection of the formula shows the pres- 
i nee of nine asymmetric carbon atoms, six of which are fusion atoms. 
The theoretical number of possible optical isomers is 512, but only a 
small fraction of these may actually be constructed without strains 
greater than are ordinarily found in organic molecules. The bile acids, 
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optically active forms should exist, as in fact they do. Both d- and U 
bomeol, and d- and J-isoborneol are known. 

Complete reduction of camphor or the bomeols leads to camphane 
(Fig. 102), which cannot exist in optically active isomeric forms since it 
possesses a plane of symmetry. 

Cocaine is another molecule of this sort. It is a naturally occurring 
alkaloid whose structure is represented in Fig. 103. Two asymmetric 
carbons, numbers 2 and 6, are involved in the rigid fusion of the pyrroli- 



Fio. 103 


dine and piperidine rings and consequently lead to a single geometric 
form, which is racemic. With two additional asymmetric carbons present 
2 8 or 8 active forms constituting four racemic modiheations may be 
expected. 

Two six-membored rings may be fused through adjacent atoms, 
through atoms with one carbon atom between, or through atoms sepa¬ 
rated from each other by two carbon atoms os shown in Fig. 104. 



CH 2 CHi CH* 



Substances in this group arc no different from those previously 
described. Only one geometric form is possible on account of the strain 
involved in the isomer. Since the molecule in Fig. 104 is symmetrical, 
it is obvious that no optical isomerism can exist. This condition still 
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holds if the fusion carbon atoms 1 and 4 hold different groups or if one 
of the rings is made different from the others by sutet.tut.on, for ex¬ 
ample, of two methyl groups in the 2-position. Only if each ring differs 
from the other two is symmetry destroyed and optical .somensm becomes 
possible This may be illustrated by a molecule m which two methyls 
are substituted on carbon 2 or 3 and two ethyls on carbon o or 6. 

An important specific example of this type of fused nng system is the 
substituted quinuclidine nucleus which occurs m qumme and enchonme 
(p. 1202). Inspection of the structure of qu.ninc (F.g. 105) shows the 


/ H ' 



CH* CH, 


HOCH—*CH CH, 


CH—CH=CH: 


CH 2 





N 
Fio. 105 


nresencc of a bicyclic nucleus similar to that of Fig. 104 in which one of 

the fusTon carbon atoms has been replaced by nitrogen. This causes the 
the fusion caroo molecule and eliminates the Irons form. 

: mc ^ l n n p f d .L usld ring system in conjuc.ion with three other 

,1,0 o trr 0,O, 1. 

the molecule has elements of symmetry. 

Group 3. The molecules discussed in groups lb. lc. Id. and 8 have 
been lifted to saturated rings of five and six membem If doub, 
bonds are induced1 mto the 

teZZn S SS12S be. This is especially true in compli- 

molecules with several fused rings. . 

It has been clearly demonstrated experimentally that five- and six- 
membered rings with allene or acetylene linkages cannot be prepared. On 
the other hand, a seven-membered ring containing an allene linkage 

»• Favoraky. Dull. *oc. cliim.. 15) 3. 1727 <103ii> 
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has been reported (Fig. 106) and a fifteen- and a seventeen-membered 
ring containing an acetylene linkage 11 (Fig. 107). This suggests that, in 
all probability, in fused ring systems, both cis and trans isomers may be 
anticipated provided that one or both rings are of such size that inter¬ 
change of linkages at the fusion carbon atoms may occur without serious 
strain (Figs. 108 and 109). The number of geometric and optical isomers 


H H H 




will then be coincident with that calculated on the basis of strainless 
models. These predictions have not been tested experimentally. 

Group 4. Many natural and synthetic compounds contain more 
than two fused rings. The general principles of stereoisomerism involved 
in these systems ore the same as those in molecules with two fused 
rings. However, each additional ring fused to the molecule modifies 
to a certain extent the individual strains in each ring. Although theo¬ 
retical considerations make possible a large number of stereoisomers in 
such complex molecules, actually very few forms exist. The limited 
number is probably due to the strains involved in the formation of such 
isomers. 

PART VH. OPTICAL ISOMERISM OF COMPOUNDS CONTAINING NO 
INDIVIDUAL ASYMMETRIC ATOMS 

As mentioned in the opening sections, an asymmetric atom is only 
one source of asymmetry in molecules. Several types of molecules are 
known whose asymmetry is due to their structure as a whole. Specific 
examples of each type will be considered in order to illustrate the nature 
of the asymmetry of such molecules. 

Inositol Type. Inositol is hexa hydroxy cyclohexane. It occurs in 
plants as a hexa phosphoric ester known as phytin. 

There are eight possible geometrical isomers of inositol, but only one 
of these isomers has a mirror image which is non-superimposable. The 
two enantiomorphs arc shown in Fig. 8 and the other geometrical 
isomers in Figs. 1 to 7. 

11 Ruzirka, Hllrbin, and Bockcnoogcn. Hclv. Chim. Ada. 16. 49S (1933). 
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None of the three elements of symmetry previously discussed is 
present in the form, Fig. 8. Both the d-and Worms (Wo ± 65 of 
Lsitol were described by Mohr ' in 1903. The structures of the remain- 
ing isomers have not been established with certainty. 



6 planes of 
symmetry 

Fig. 1 


FiO. 3 



1 plane of 
symmetry 

Fio. 2 




2 planes of 
symmetry 
Fio. 5 


1 plane of symmetry 
Center of symmetry 

Fio. 0 


3 planes of symmetry 
Center of symmetry 

Fio. 7 



on 


OH 



t/Mnositol 

Fio. 8 

Allenes In his discussion of the spatial distribution of the valence 
for " about the carbon atom, van’t Hoff • in 1875 pomted out that an 

» Mohr. J. Jirakt. Chem.. |2) 68. 360 (HKW). 

* Atonic im Rauin," Vlcweg und Sohn. Braunschweig 

(1908). 
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allene of the formula shown in Fig. 9 should be capable of existing in the 
optically isomeric forms shown in Figs. 10 and 11 if the carbon atom 
possesses a tetrahedral configuration. Examination of the models of 
Figs. 10 and 11 shows that they possess no plane of symmetry. The 
groups ab and cd do not he in the same plane, and the structures of 
Figs. 10 and 11 are non-superimposable mirror images. 



cM-Modification 


Somewhat later it was pointed out that any allene with two different 
groups on each of the terminal carbon atoms should be capable of existing 
in optically isomeric forms, Figs. 12, 13, and 14. It is not necessary that 
four different groups be present as in Fig. 9. 



^/-Modification 


Following these theoretical predictions numerous attempts were 
made to prepare allencs containing groups which not only would fulfill 
the necessary stereochemical requirements but also would contain 
reactive groups permitting resolution. 

It was not until 1935, sixty years after van’t Hoff’s prediction, that 
experimental verification was secured. Mills and Maitland 4 in 1935 
accomplished a catalytic asymmetric dehydration of the alcohol shown 
in Fig. 15 by means of the optically active camphorsulfonic acids. 


c.ii» 




(a)C,oIIr/ 


C=CH—C 


C.IU 




+ H,0 


Fio. 15 


Fio. 16 


When the dehydration was carried out with an optically inactive 
catalyst the racemic form (m.p. 244°) of the allene in Fig. 16 resulted 

4 Mills and Maitland. Xalure. 136. 904 (1935); J. Chcm. Soc.. 9S7 (193G). 
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When the alcohol of Fig. 15 was boiled with a 1 per cent benzene solu¬ 
tion of d-camphor- 10 -sulfonic acid an optically active allcne was obtained 
which had a rotation of [«]&, + 437". Similarly treatment of the 

alcohol with f-camphor- 10 -sulfonic acid gave the *”**•£? 

- 438°. The optically active isomers melted at 159 . W hen 

mixed and crystallized from a solvent the resulting racemic compound 
melted at 244°. Mills and Maitland proved by several methods that 
the ^products obtained by dehydration of the alcohol of Fig- 15 were 
allenes and not substituted indenes. 

^ Kohler, Walker, and Tishlcr 6 completed the first actual resolution of 
the racemic form of an allcne. In 1910 Lapworth and \Vechsler pre- 
r 1 1 „rid shown in Fig. 17. Kohler and lus students repeated 


co 2 h 

C fl H*0=C=C 
Fio. 17 


AWU 
X:ioH 7 (a) 


COC1 

| /C.H* 

c«h 6 c=c=c< 


CO^CHiCOjII 
► | /C.H. 

C.H*C=C=C<^ 


C .oH?(a) 


Fio. 18 


. e hriirinc salts effected a resolution of 
and fractional crystalhzation o h b diastcrcoisomcric brucine salts 

this molecule. Decomposition f h ^ ^ f<jrm melted at . 145- 

cave the d-and i-forms of the au » *» j .90 r »° The/-form 

146- and had a S 

melted at compound melting at 195’ 

ture of d- and produced . c modification of Fig. 18. 

which was identical with the 01 k , sh yn in 18 yielded 

Hydrolysis of the active form of *e t P ; nol isolated in 

an active compound -^"^^ly active crystalline esters.' These 
rSSSS no doubt as to the correctness of van’t 

* Kohler and WbiUtacr. J . Am. Chen. *oc. 62. 1489 U1HUI 
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Hoff’s prediction and constitute further evidence in favor of the tetra¬ 
hedral carbon atom. 

Molecules not far different from allenes in their general structure may 
be illustrated by 4 -methylcyclohexylideneacetic acid (Fig. 19), which 


CH 

H 



H-—CH 

Hi—CH 
Fio. 19 


H 



0 2 H 


was resolved by Pope, Perkin, and Wallach 8 in 1909. In this molecule 
one of the double bonds of the allene structure has been replaced by a six- 
membered ring. The methyl and hydrogen on carbon atom 4 lie in a 
plane perpendicular to the plane containing the carboxyl group and 
adjacent hydrogen (Fig. 20). The molecule has none of the elements of 
symmetry, and its mirror image is non-superimposable. 



c; Lanes. If both double bonds of an allene arc replaced by rings, 
spirones result (Figs. 21, 22, 23, and 24). Construction of the models 
of these molecules shows that the planes of the rings arc perpendicular 
t ■•> each other. In 1902 Aschan 9 pointed out that properly substituted 


Da 


Fia. 23 


Fio. 24 


X 

Fio. 21 

? Pope. Perkin, and Wallach. Ann.. 371. 180 (1909); J. CW Soc.. 95. 1789 (1909) 
rorkin and Pope, ibid., 99. 1610 (1911). 

Aschan, Bcr., 35. 33S9 (1902). 
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spiranes are asymmetric molecules and hence should be capable of reso- 

,Utl No optically active forms of substituted spi^ 21) 
are known. The substituted spirocycloheptane shoun in 1 ig. lb s 

,CH~ /NH. 


'XXK 


Fio. 25 

resolved in 1932 by Jansen and Pope >° by means of d- and 1-camphor- 
’“lit, Fi«. 26, ™ by Mills ...6 Nndto " in 1620. 

o—co 

Fio. 20 

, T » resolved 6?s-dihydrocarbostyril-3,3'- 

.H 27, by -an. «l ,*1™. **>-,,«» ” 
resolved the related spirane, Fig. 28, 



Boeseken » obtained evidence indicating the probability of optically 

10 Junaon and Pope. CAcyni .,ry * 

11 Mills and Noddcr. J. Chtm. Soc.. 117. 2 131 (1922). 

12 Leuchs. Conrad, and y. Kst*n» V. & ^ Zenfr.. (II). 139 (1923)]. 

» Radulcscu. ISul. soc. Sltntc Cluj. 1. 1 

14 B&csekcn and Felix. Dcr.. 61. 1855 (19-8). 
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active forms of the spirane (Fig. 29) produced by condensation of 
pentaerythritol with pyruvic acid. 


C(CH 2 OH) 4 + 2CH3COCO2H 

H 3 ' 
ho 2 c 



CH, 


+ 2H 2 0 


o 2 h 


Gibson and Levin 15 recently resolved the closely related spirane 
shown in Fig. 30. 

'-H/^O-CH,/ ^CHr-0 / X H 


T.rt in 


In all the spiranes thus far discussed only one racemic modification 
is possible. The general formulas for the optical isomers of such com¬ 
pounds may be represented by Figs. 31 and 32. 

If other asymmetric atoms are present then the number of isomers is 
increased. Thus, in the compound shown in Fig. 33 there arc two 
asymmetric carbon atoms (marked •) in addition to the spirane atom. 



(//-Modification 


H 


II 


BrCII*—C—CIIjv /CH*—C CH 2 Br 


0—o 


Fio. 33 


Such a molecule may exist in six optically active forms which consti- 
•utc three racemic modifications. Leuchs 18 actually obtained three 
racemic forms of the compound of Fig. 33. Sutter and Wijkman 17 

* Gibson and Levin. Proc. Roy. Soc. (London), A141, 494 (1933). 
w Leuchs. Bct., 55. 2131 (1922). 

17 Sutter and Wijkman. -4nn.. 519, 97 (1935). 
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also prepared the three ra.en.ie modifications of the dilactone, lig- 

34. 

H « 

CHj—C-—CHiv /CHr-C-CH, 


CO—o 




I 

-CO 


11 


asymmetric a, " ,ns C °"^^ | ° s s(( „ xlPn8iv e an d since it involves -he new 
J5SJ P-t V... of this chapter is devoted to a 

detailed discussion of this type of isomerism. 


v, SSs“ ST " CIE ° 

Introduction 

, * i n \a * in* three types of asymmetric mole- 
Examination of the symmetric ntonw (inositol, spiranes, and 

cules containing no individual a y ^ myr , hoir asymmetry fun- 

allcncs, p. 336 ff.) shows that 1 ’ hcdnll curbon atom. However, a 

damentally to the concept of . . : s known, the structure 

fourth group of such of restricted 

of which is characterized by a conccpt „f restricted rotation. 

rotation about a 8,nelc ^" d , • constitutes the fundamental 

together with a few addit o P P vatives < f bi henyl a nd their 
basis for the stereoisomerism ol tnc u 
analogs. 

Fundamental Assumptions 

. ,.f nsvminetric molecules with restricted 

In a general consideration . factors involved may best 

rotation about a single bond, • — and — which 

be understood by selecting two nni\* < ‘ must possess a plane of 

may be the same or different musl inclu de the free 

symmetry denoted by .S and . . of symmctry is a necessity in t he 

valences, denoted by / and / . 1 producc d by combining the 

radicals so that ••ytnwj h |hc rticu l ar structure of any com- 
two radicals cannot lx* as. g r a dica l s , moreover, must possess 

ponent part of the molecule, buen rauicu , 
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only one plane of symmetry. For example, the tetrahedral radical 

—C —a shown in I would fulfill this condition, but —C—a would not. 

\f, \i 

The latter has three planes of symmetry each drawn through the free 



valence and one of the a's. Provided that the single plane of symmetry is 
assumed, the radicals may possess any kind of geometric structure, and 
these may be illustrated by specific examples in II and III. If these 



two radicals are joined by their free valences, a “pivot bond between 
them is formed (IV) and the two atoms to which the pivot bond is at¬ 
tached may be called pivot atoms. Assuming that this union occurs 
without distortion of the radicals, the pivot bond lies in both planes S 
and S' regardless of their positions relative to each other. If the radicals 
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are free to rotate about the pivot bond, the planes S and S' at some phase 
in the rotation become coplanar as shown in IV. Hence the molecule 



has a plane of symmetry and therefore cannot exist in enantiomorphic 

f ° r On the other hand, if free rotation of the radicals about the pivot 
Un the otner , become coplanar, then a struc- 



image shown mV » "<* M« u . madc to coincide with 

"rST U. «d-™ f cnontioniorphic 

x"?. 1 .”"; 5S=£* *= ® u ” 
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radicals united by the pivot bond has one and only one plane of sym¬ 
metry. In molecules in which there are no sources of dissymmetry be¬ 
sides the pivot bond with restricted rotation, the only form of stereoiso¬ 
merism which can occur is enantiomorphism. 

The general statement assumes no particular structure for R— 
or R'—, nor does it refer the hindrance of rotation to any particular 
cause. It admits, however, as a special case, molecules such as biphenyls 
and their analogs in which P and P' are free valences attached to rather 
rigidly constructed planar rings. Thus, a substituted biphenyl of this 
type is shown in VII and VIII. The rotation about the pivot bond 


Mirror 



connecting the pivot or 1,1' carbon atoms is restricted by the presence 
of the a and b groups in the ortho positions. The presence of the a and 6 
groups in each ring eliminates all planes of symmetry in each component 
radical except that which extends through the plane of the ring in which 
a, b, and the pivot bond lie. 

The generalized form of theory just given does not attempt to fix the 
cause which accounts for the restricted rotation. Nevertheless, in every 
case of isomerism of this type now known, the experimental data are 
consistent with the assumption that the restriction of rotation is due to 
interference between atoms or groups in close proximity to the pivot 
bond or bonds. Thus, in application to date the “restricted rotation” 
theory coincides with a more specialized “interference theory” which 
not only assumes restricted rotation but assigns mechanical or other 
interference between portions of the molecule as the cause of restriction. 
This “interference theory” postulates a new variety of steric hindrance. 
The history of the new doctrine, however, has been widely different from 
that of the old theory of steric hindrance. The main distinction between 
the two is that the new theory leads directly to predictions as to the 
number of isomers to be expected in given cases, whereas the old one 
could be applied only to dynamic phenomena such as rates of reaction. 

Wherever restricted rotation is due to such interference it is obvious 
that, in such molecules, the R and R' groups which are joined to form the 
molecule might equally well be asymmetric. Under these conditions, 
the restriction of rotation introduces a new center of asymmetry and 
thus makes theoretically possible additional stereoisomers over and 
above those present if free rotation is assumed. 
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Introduction to Optical Isomerism of Biphenyls 1 

The discovery of optical activity among biphenyl derivatives was 
due to a curious sequence of events arising out of Kaufler's attempt to 
explain the fact that benzidine exhibited certain properties which did not 
appear normal for a bicyclic molecule with coplanar rings. In 190, - 
he proposed for biphenyl derivatives the folded structure represented 
by IX Extensive investigation during the succeeding fifteen years 
tended to support such an hypothesis, but much of the experimental 
work was later shown to be erroneous. Subsequent studies of biphenyls 
entirely disproved the folded structure. It was during a research on this 

iO 



IX 



attempts at resolution. 
NO, 



0,11 


Boric* B 


1 Adame and Yuan. »» <> 9 33,: HiU.nu.nn, An«e„. CW. 60. 43S 

"“•Kaufler, Ann.. 361. 1S1 < 1907 ,: B".. 40. 3250 (19071. 

•Chri.tie and Konncr. J. Chtm. Sot.. HI. 814 09-2). 
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Experimental evidence favors a planar structure for a phenyl or 
substituted phenyl group. In biphenyl, it is commonly assumed that the 
two planar rings are coaxial. The term “coaxial” means that the pivot 
bond, when extended, passes through the two carbon atoms para to the 
pivot atoms. The diagrams for biphenyls are drawn in conformity with 
this assumption, but it must be remembered that this convention is 
purely arbitrary. 

If the two rings in biphenyl itself are thought of as coaxial and copla- 
nar, the molecule has a plane of symmetry (in which the pivot bond lies) 
perpendicular to the common plane of the two rings XI. In a com¬ 
pound of the type XII, however, the substituents are so distributed that 



no plane of symmetry exists vertical to the rings; in other words, the 
reflection symmetry of each of the two rings with respect to this plane is 
destroyed. As Christie and Kenner * pointed out, if such a molecule 
as XII is twisted so that the rings, though remaining coaxial, are no 
longer coplanar, the molecule assumes a dissymmetric configuration 
and makes enantiomorphic forms (XIII) and (XIV) possible. 



Provided that the rings could be held permanently in the positions 
indicated in XIII and XIV, the enantiomorphic forms would be stable 
and the racemic modification of such a molecule could be resolved. 
This pertinent suggestion is not sufficient, however, for it at once raises 
the question of free rotation about the pivot bond joining the two rings. 
The dissymmetry in the coaxial-noncoplanar phases of the substances 
(XIII) and (XIV) would be destroyed during the course of free rotation, 
for in the coplanar phase (XV) the molecule contains a plane of sym¬ 
metry—the common plane of the two rings. That is to say, free rotation 
would cause a very rapid autoracemization of the optically active com¬ 
pounds XIII and XIV. In fact, it would effectively prevent resolution. 
Hence, if the rings of such molecules as those under consideration are sup¬ 
posed to be coaxial but permanently noncoplanar, there must be some 
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adequate cause to prevent the free rotation postulated by the classic 

the Aprobable source of this hindrance to free,rotation was pointed out 

almost simultaneously by Turner and I* F£re Bc« f ^ 
and Mills' The hypothesis advanced in slightly different forms is 

mmmmm 

^immediately obvious merit of ^ **£ J^tTast 
reason why the biphenyls mcntio d Se^ p ^ uions ortho t0 , hc 
three non-hydrogen substituents whereas those in Series 

pivot bond, have been obtained P • ■ resolved. Two ortho 

B ^ tW ° ° r ;tde! U tho ^o substituent or substituents in 

Second ring from passing, and hence prcve£ rtic 
coming coplanar. No one of: the cojvoun an( j 
although in most of 'herneachr 8^ with the plane of the rings, 

only a single plane of symmetry biphenyls and related 

In discussing the extensive* working by- 
compounds on the basis of tt . deduced. The deductions 

pothesis, certain of its consequence.-- . t molecules 

will be grouped under rotation, and (B) those 

containing only one P'^ bo^ |han onc pivot bon d with re- 

which apply to molecules containii k 

strictcd rotation. pivot Bond with Restricted 

Rotation. Themis.a°«««"‘ why “ * dcri vatives of biphenyl. Sub¬ 
instances should be copied P, , s as weU as mixed compounds 

stituted binaphthyls, b,pyr ^' ’ ,'.L-riaines, should act in similar fash- 
like phenylnapl.thalencs and pb > > ■ 1 utoms must u , 

ion. Indeed, there and interference are ful- 

Z!rC^:l C ^TZX U-en y prepared where only one of the 

« Turner and Lc Fi-vro. C****! *•£"**■ «• 83 ‘' 883 
‘Bell and Kenyon, ibid.. 46. 804 (1920). 

• Mills, ibui.. 46. 884. 005 (1920). 
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pivot atoms is a ring member, but none has as yet been synthesized in 
which both pivot atoms are in non-ring structures. 

In the earlier experiments on derivatives of biphenyl it was assumed 
that a given number of substituents ortho to the pivot atoms must be 
other than hydrogen, but the fundamental hypothesis does not demand 
this. Optically active compounds in the bicyclic scries containing 4, 3, 2, 
or 1 non-hydrogen substituents in the four positions ortho to the pivot 
bond have been obtained. In fact, a hypothetical optically active mole¬ 
cule with no ortho non-hydrogen substituents can be written and will be 
discussed in the latter part of the section. 

The occurrence of enantiomorphism in biphenyls depends upon the 
specific properties of the univalent substituents present. If these sub¬ 
stituents are designated by a, b, etc., it is impossible to determine by 
inspection of the type structural formula whether the substance exists 
in enantiomorphic forms. 

In the biphenyl and closely related series, when the dissymmetry 
conditions have been met, the occurrence of enantiomorphism would be 
expected to depend upon (a) the size of the ortho substituents; (6) the 
effect of the various influences on the length of the pivot bond and the 
rigidity of the ortho substituents. Temperature and solvent would be 
expected to play a role. Furthermore, substituents other than ortho 
might modify the relations of the groups to one another around the pivot 
bond. 

(B) Compounds Containing More Than One Pivot Bond with 
Restricted Rotation. Considerations analogous to those discussed under 
(A) hold here. Compounds such as dipyrryl benzenes, for example, 
should act much like diphenyl benzenes. The dissymmetry and inter¬ 
ference conditions are the only ones necessary for the occurrence of 
stercoisomeric forms. Molecules with proper ortho substituents have 
been obtained in the expected number of isomers, but it is possible to 
formulate compounds which should exist in stercoisomeric forms though 
no ortho substituents arc present. 

With two pivot bonds and restricted rotation, various forms of 
stereoisomerism can occur. Optically inactive meso forms, pairs of 
optically inactive diastcreoisomcrs (eta and trans) may result if the uni¬ 
valent substituents arc properly distributed over the molecular skeleton. 

All forms of stereoisomerism among these compounds depend upon 
the specific properties of the univalent substituents and cannot be in¬ 
ferred by consideration of the type structural formula alone; they de¬ 
pend on the same specific influences (size of substituents, temperature, 
solvent, etc.) which condition the occurrence of enantiomorphism in 
compounds containing only one pivot bond with restricted rotation. 
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X-Ray Data 

Mills • in proposing the purely mechanical idea of steric hindrance 
between the ortho substituents in the substituted biphenyls so as to re¬ 
strict rotation, built up a model from atoms drawn to scale. He was thus 
able to demonstrate that two bulky ortho substituents in the one ring 
would interfere with the free rotation of the second ring, owing to col¬ 
lisions between them and the third ortho substituent. For example, n 
2 -chloro- 6 , 6 '-dicarboxybiphenyl (XVI) the carboxyl group attached to 



... . . neither the chlorine atom (large shaded circle) 

the lower nucleus can pn^ ne,,^ „ >nfinpd » limited region in 

nor the other carboxy l* "^" Gn () ,her hand, if two of the 

front of the plane of the h ^ js in accord with the facts 

groups are small, free rotation is I o in which the remaining 

in the case o d.phemc acu and hs < cma ^ eompounds the two 

= to prevent U,e A. ««*» 

of the two rings about *«'^ r "^ S y , blcln of V1> 1 UPS „f atomic 

the probability of collision between the amino and methyl groups 

2 , 2 / -dimethyl- 6 , 6 / -diaminobiphcnyl- 7 
7 Meiecnhcimcr and Horiiif, Her.. 60. 11-*> 
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Methods have been suggested which permit definite predictions con¬ 
cerning the resolvability of any given biphenyl. Stanley and Adams 8 * 
called the difference between the sum of the internuclear distances * of 
the 2,2'-substituents and the distance between the 2,2' ring carbon 
atoms • (2.90 A) the “interference value” and demonstrated that this 
value measured the relative degree of interference that might be expected 
in the molecule. Where the interference value was negative, the com¬ 
pound could not be resolved; where positive, it could be resolved. Mole¬ 
cules with only a slight positive interference value racemized readily. 
The estimated interferences paralleled to a surprising degree the relative 
racemization rates of 2 , 2 ', 6 , 6 '-tetrasubstituted biphenyls as found 
experimentally but did not conform to the results obtained in the study 
of 2,2'G-tri- or 2,2'-disubstitutcd compounds. The method is purely 
empirical. 

The building of models for the biphenyls 10 in which the atoms are 
drawn to scale as spheres and then predicting the interference of the 
2,2'-substituents has been a common procedure. It is uniformly satis¬ 
factory only for the 2,2 / ,6,6'-tetrasubstituted biphenyls. It involves 
arbitrary assumptions as to the effective diameter of various atoms (i.e., 
as to how close atoms can approach without interfering), and thus like 
the previous approach to the prediction of resolvability must be con¬ 
sidered empirical. 


Experimental Evidence for the Coaxial-Noncoplanar Model 

The concept of the coaxial-noncoplanar configuration and the theory 
of restricted rotation are more or less inseparable. Actually the former 
is much more fundamental and the latter supplement ary. Experiments 
which may verify the restricted rotation theory incidentally will prove 
the noncoplanar configuration. On the other hand, those investigations 
which offer merely additional evidence in favor of the noncoplanar model 
may advantageously be considered separately for the clarity of presenta¬ 
tion. . 

The biphenyl molecules with three or four substituents in the 
2,2',6,6'-positions which have been resolved are now well over fifty in 

8 Stanley and Adams, J. Am. Chart. Soc.. 62. 1200 (1930). 

* Tho ••internuclear distanco" refers to the distance, as determined by x-rays ana 
adjusted for aromatic compounds, from the ring carbon atom to the substituent group. 
Cl. NO,. CH,. etc. Where the substituent has atoms or groups attached to it. as tnc 
NO, or CH,. allowance was made for the additional effect of such atoms or groups. 

• Dhar. Indian J. Phys.. 7. 43 (1932). 

10 Lesslic and Turner, J . Chcm. Soc., 2021 (1932). 
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number and represent a wide variety of typ* A description of these 

* been made id., tarf H„ 

■■ Chri.tio and Kenner. J Chen.»>c _ ^ 6 ). 

■> Sako. Dull. Chen. £ , »«. 1948 (1923). 

••Christie. James. and Kenner J. Ch . 
h Yuan and Hsu. J. Chine" CAem. 3. 200 0035). 

:: as:‘ mcn = 85 700 (,MS> - 

•• Moecarclli. iim‘ accad. Lineti. 6. w V - '• (1932) . 

“ Sake. *«■**££? ^ t3 IWOM..- 

« Kleiderer and Adams. X. A«n. ' 

« Kleiderer and Adams. 65. 710 (U > 

» Angelctti and Guala. C«u*. cA.m. Kaf.. 61. 661 U™#. 

*• Angclotti. ibiJ.. 62. 370 (1932). 

** Angelctti. ibid., 66 . 819 0935). 

« Angolctti. iW.. 63. 145 (1933). 

--•«- — “• ««* 

*• Using and Adams, ibid.. 68 . 687^(193 )• 

*> Moyer and Adams, ibid., 61. 030 (192_)- 
•• Knauf and Adams, ibid.. 66 (l930) 

• Bock. Moyer, and Adam.. 

•» White and Adams, ibid.. 64. -101 ( 1 W J' 

•• Bell and Hobmson. 7. Chcm.i **..»<Wo (1927). 

* 4 Christie nnd Kenner. « 6 id.. 123. 77 ( ^ 

M Christie. Holderncss. and K«inc . ^ ( , 930) . 

*• Stearns and Adams. J. Am. • M 93 O). 

» Lcsslie and Turner. J. Soc.. 62. 5203 (1930). 

» Stoughton and Adams. J. Am. ( 

40 Adams and Hale. ibid.. 61 . 282* (193- >• 

41 Stoughton and Adams «W.. 64 . - 

u Chicn and Adams. iW.. 66 . 1* 7 ( • 

« Hanford and Adams, ibid.. 67. 1592 <1J >• 

44 Yuan and Adams, ibid.. 64. 4434 (193-). 

44 Li and Adams, ibid.. 67 *665 <1936|. nnd Petri. Ann.. 605. 25 * 1933' 

44 Kuhn and Goldfmger. Ann. 470. W3 

47 Kuhn and Albrecht. Ann.. • 4& 1Q35 (19 - 29)> 

« Stanley and Adams. Rcc. trav ^ ‘ Kftcarch (Tokyo). 17. 207 (1932). 

« Murohashi. Sc*. Papers M. g <j50 (1936) . 

44 lofTo and Grachev. J. Gen. C■ 6 cm. ( 

41 Kuhn and Albrecht, Ann., • .,r 9 w (1933), 

” Wallis and Moyer. J. Am. Chan. f>oc.. 66 . 2598 (1933). 
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capable of producing rings through the 2,2'-positions. When 2,2'- 
dimethyl-6,6'-diaminobiphenyl 7 (XVII) is acetylated, the introduction 
of acetyl groups does not effect any noticeable racemization. The diace¬ 
tyl compound (XVIII), in turn, is oxidized to the dicarboxylic acid 
(XIX) which is still optically active, but when the latter is hydrolyzed 
by cold acid, an inactive dilactam (XX) is obtained. 



COCHj 




CO-NH 



(Inactive) 

XX 


The same phenomenon was noticed in 2-nitro-6,6'-dicarboxy biphenyl, 
the d-form of which produces the corresponding optically inactive 
fluorenone when it is warmed with sulfuric acid. The fluorenone could 
not be resolved «• M - » Similar observations 47 were made on other 
compounds in which a five- or six-membered ring linked the 2- and 2'- 
positions. 

The disappearance of optical activity cannot be attributed to race- 
mization, since the optical isomers are stable under the conditions of ring 
closure. Before the 2- and 2'-positions are linked in a ring the molecule 
has the coaxial-noncoplanar configuration. On the basis of the present 
knowledge of the stereochemistry of ring compounds, five- or six-mem¬ 
bered rings joining the two benzene rings of a biphenyl nucleus through 
ortho positions are planar. As soon as the 2- and 2'-carbons are linked by 
such a ring system, the two halves of the molecule are forced into a 
coplanar configuration. Thus a plane of symmetry is introduced into 
the molecule and optical activity disappears. 

” Bell and Robinson. J. Chtm. Soc.. 2234 (1927). 

44 Kulm and Jacob, Her., 58. 1432 (1925). 

61 Underwood and Kochinann. J. Am. Chcm. Soc.. 46. 2009 (1924). 
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It is accepted that rings larger than six-membered are ordinarily 
strainless and nonplanar. If the 2- and 2 '-positions in a resolvable 
biphenyl derivative are linked therefore in a strainless ring, the two 
nuclei of the molecule can still be noncoplanar and the potential optical 
activity can remain. This was demonstrated by the condensation of 
d- 2 , 2 '-diamino-l, 1 '-binaphthyl with benzil;«- " the product was highly 
active (XXI). In this case the 2 , 2 '-carbons arc in an eight-membered 
ring. Several analogous optically active molecules containing seven- 
membered rings have been described, » » of which one is shown in 
formula XXII. 



XXI 



Dnsymmetrical Substitution in Each Ring I. is implied in the 

sented by examples in Scries C. 


D 



B 




B 


However a phenyl group can be unsymmetrically substituted in 

several way’s "■« All the 2 , 2 ', 0 , 6 '-positions may be occupied by 
seieral ways. Drov idcd that substituents meta to the linkage 

identical atoms or groups, provium « • c^rio* n 

of the two rings make each ring unsymmetneal. Formulas in Series D 

44 Tfiubcr, Her.. 25. 3287 (1892): 26 1703 (1893). 

M Wittig and Petri. Ann.. 605. 2 o 
« Maocurclli. Cazz. chim. UaL. 68. 791. ■> - * 

” Hyde and Adame. J. Am. Chen,. Soc.. 60. 2499 (1928). 
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represent a few of the possibilities in molecules containing at least two 
identical ortho substituents in the same ring. 



A number of these have been prepared and resolved 30 3,137 

(XXIII, XXIV, XXV, XXVI). All the active forms are exceedingly 
stable. 




The general idea of a coaxial-noncoplanar structure for substituted 
biphenyls, with the supplementary assumption of no vertical plane of 
symmetry in each ring, was quickly and generally adopted. The fact 
that compound XXVII could not be resolved demonstrates that a 
symmetrically substituted biphenyl is not capable of resolution even 
though ortho groups of the proper character may be present 28 (see also 
p. 371). 



Physical Data. Certain physical data have appeared which sup¬ 
port the noncoplanar concept. From an x-ray study 60 the conclusion 
was drawn that, in certain 2,2',6,6'-derivatives of biphenyl, the two 
rings are in planes turned from each other at an angle not greater than 
45°, while the rings in biphenyl itself arc coplanar. Dipole measure- 

60 Clark and Pickett, ibid., 63. 1G7 (1931V. Pickett. Nature, 131, 513 (1933); Proc 
Roy. Soc. (London), 142A. 333 (1933). 
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ments" upon optically active 2 , 2 '-diamino- 0 , 6 '-dimethylbiphenyl (XVII) 
have led to pertinent results. Of the three possible formulas pvenbelow, 
XVIIa, which is coplanar, should give no moment, while X\ lib, aL-o 
coplanar, gives a calculated moment of 1.99 X 10 . The value actu¬ 

ally found was 1.06 X lO' 18 , thus offering evidence for formula X\ lie. 
It may be calculated from these measurements that the angle of the two 
planes in this molecule is 67°. 

NH 2 CH 3 NH* 





CHa CHa 
b 

XVII 

Absorption spectra measurements on various biphenyls “ have shown 
” a •*!« -t-ihlished restricted rotation exhibit a maikcd 

o, *vi biphony, doriv.ii™. -» 
oplio.1 activity obey.!SiJSSS-.! A 

the rate o racemisation may ^exp^^ ^ 2>2 ^ iamino .G,0'-dime t hylbi- 
kinetic study o . . • casc at i cas t the raccmization botli 

phenyl “ has confirmed ‘ h “ l 1 Ls homoBencous and unimolecular. 
m the gaseous phase^^ ncd and it was concluded that approx- 
The activation energy bonds and overcome the 

imately 22.5 keal. « model is possible. It was 

repulsion to such an extent tha P possessing an activation 

SSSL .bolt 20.0 taL vonid ~ too 
,BP The- • — - “ 

81 Bergmann ond Engel. Z. pkystk. < > ' • B8 22g0 (10; , G) . pjekett. Unit., 

•* Pickott. Wulter, olid France. J. Am. • '>nnr; (1040) 

68 . 2299 (1930) ; O'Shau^y ** **- 62 ’ - 900 <,940, • 

•» BrQU. Gazz. chim. UaL. 66. ; >■ (1927); Smith. J. Am. Chtm. 

•« Kuhn and Albrecht. Ann., 456. 

Soe., 49, 43 (1927). , . rhem. Sac., 68. 1043 (1930). 

M KiBtiakowsky and Smith. J■ Am. . 

M Li and Adams, ibid.. 67. 15Go CU35). 
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with widely varying half-life periods have been determined. They all 
fall within 18.0 and 25.0 kcal. Since the activation energies cannot be 
determined with an experimental accuracy sufficient to allow this 
constant to be used for a comparison of the relative stabilities of such 
compounds, the half-life periods must be used for this purpose." 

Characteristics of Biphenyl Isomerism 

The peculiarity of the stereoisomerism in the biphenyl and related 
series should be explicitly pointed out. The theory of van’t Hoff predicts 
that any compound of the type XXVIII should exist in two stereo- 

b 

a — i —c 

1 

XXVIII 

isomeric forms—assuming that the substituents a, b, c, d are univalent 
radicals which are not in themselves optically active. It is the very es¬ 
sence of this theory that the existence of the two isomers is in no wise 
dependent upon the specific properties of the individual radicals, but is 
conditioned solely by the fact that all four arc different. Like con¬ 
siderations hold when van’t Hoff’s idea is applied to compounds con¬ 
taining more than one asymmetric carbon atom; they are equally ap¬ 
plicable to cyclic and to open-chain compounds; they account for the 
stereoisomerism in the allenc and spirane series; and they apply also to 
molecular dissymmetry such as that observed among the inositols. Even 
the stereoisomerism attributed to elements other than carbon can be 
explained without change in this aspect of the van’t Hoff theory. 

However, the stereoisomerism in the biphenyl and related series is 
not in accord with this widespread rule. A pair of substances has been 
prepared which illustrates perfectly the impossibility of predicting the 
number of stereoisomeric forms of the compound defined only by the 
type formula XXIX. The compound 2 l 2 ' l 4 , 4 / , 5 , 5 ', 6 , 6 '-octamethyl* 



S^'-biphcnyldisulfonic acid (XXX) was resolved into its optical antipodes 
67 Adams and Kornbtuin, ibid., 63, 1SS (1941). 
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and the active forms cannot be raccmizcd by any of the usual methods.;' 
On the other hand, attempts to resolve the correspond^ b.phcnj 1-3,3 - 
disulfonic acid (XXXI) were unavailing- 



H 0 3 S CH 3 

XXX 


HjC_CHj 
_ CII3 

H3C SO3H 



HO3S 


SO3II 


XXXI 


, h —» 

on.™, i. .... . W» P»P-W °> .1.0 bu, 

2" r rs. =sz ?j^ssru - 

toeenetbUeed by Werner) «.» e.eouot tor .he ..ere.—.m m 

^0 — - “b .re 

vi e l.i*ir\r> It is important to recognize, however, that am 

rotation in the molecules. 

Erpertae.... Evidence Relative to to. Sir. o< toe W-Group, 

.. has established satisfactorily the coaxial- 

Thc preceding < •- : n honvls which have certain substituents in 
noncoplanar structure o >1 ■■ ■ , ■ || y substituted in each line, 

the 2,2 ,6,6 -positions and are i.iis>inim tnca ^ ^ ^ 2 2 , >0 ( .-. 

More specific upon the restriction of free 

rotation'bctwccn the rings of the biphenyl molecule will now be con- 

Sld Up'to 1930 the antipodes of all Z 

solvable biphenyls “.“ r ,t u fral solution. On the other 

racemized m boding „ wcrc found to racemize in boiling 

SA2: ti basis of the obstacle theory, the difference between 
these two cla^ of J^STd^vativ* or mutarotation of 
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the groups in the 2,2',6,6'-positions to slip by each other. The nuclei 
to which they are attached are thus allowed to pass through the common 
plane, and one active form changes into the other. 

The obstacle theory further leads to the prediction that, merely by 
modifying properly the size of the 2,2',6,6'-groups, optically active 
biphenyls with widely varying degrees of stability to racemization may 
be prepared. The study of the comparative rates of racemization of 
different active biphenyls offers a semi-quantitative approach to the de¬ 
termination of the importance of the size of the groups in relation to the 
blocking effect. 

Several pertinent and interesting phases of this general problem have 
been studied experimentally: (a) The preparation of 2,2',6,6'-tetra- 
substituted biphenyls which, unlike those at first studied, are non-resolv- 
ablc; (6) the preparation of tetrasubstituted compounds which readily 
racemize and of trisubstituted compounds which are immune to race¬ 
mization; (c) the comparison of groups by a study of the rates of racemi¬ 
zation of a scries of biphenyls in which two of three substituents or 
three of four substituents in the 2,2 / ,G,6 / -positions remain constant and 
the third or fourth is varied; (d) the observation of rotational changes 
during the replacement of one or two groups in the 2,2',G,6'-positions 
by other groups; (c) the preparation of active 2,2 / -disubstituted and 2- 
monosubstituted biphenyls; (f) the effect on rates of racemization of a 
modification of the atoms or groups combined to the atoms attached to 
the ring in the 2,2 , ,6,G / -positions; (g) the effect upon the stability of the 
active molecules of additional groups substituted in positions other than 
the 2,2',6,6'; ( h ) the comparison of biphenyls in which the identical 
triplets of groups in the ortho positions hold different relative positions 
to each other; (t) the comparison of the rate of racemization of active 
biphenyls and their salts. 

These lines of research will be discussed in order. From the practical 
standpoint, the problem of studying the desired effects lies in the selec¬ 
tion of the proper groups to substitute in the biphenyl and the prepara¬ 
tion of such compounds. Evidence from many sources indicates the 
fluorine and hydroxyl or methoxyl to be among the smallest atoms or 
groups other than hydrogen; amino and carboxyl groups are not much 
larger. 

It is deserving of mention that, in the resolution of a biphenyl of 
which the optically active forms are very easily racemized, either a single 
diastereoisomeric salt is isolated or two diastereoisomeric salts, one of 
which is very readily converted to the other. This is due to the fact that 
the ease of rotation about the single bond between the two phenyl nuclei 
leads to the facile interconversion of one salt to the other when in solu^ 
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tion, thus resulting in an equilibrium mixture. Upon isolation of the 
salts, however, the less soluble precipitates first, and as more .s taken 
from the solution, the more soluble rearranges to the less soluble^ Onl> 
by the use of different solvents can both salts of such a compound some¬ 
times be isolated in solid form. The active salts thus obtained natura y 
show mutarotation in solution owing to the formation of an equilibrium 
mixture of the diastereoisomeric salts. 

Non-Resolvable 2 , 2 ', 6 , 6 -Tetrasubst.tuted Compounds The follow 

ing 2 , 2 ', 6 , 6 '-tetrasubstitutcd biphenyls “■ **• (XXMI, XXXIII, 
XXXIV XXXV), resolution of which could not be effected, weie 
Spared ft appears, then, that these are truly 2 , 2 ',C,G^te,rasubst„u«ed 
biphenyls in which the ortho groups do not interfere sufficiently to alien 

resolution. „ 

CO 2 II OCII* F C ° 2H 


H0 2 



XXXII 

CH, 

O 


CH, 

o co 2 n 




16. 21 


Resolvable but Easily Racemized Biphenyls. The compounds « 
XXXVI and XXXVII wen ; synthesi^d 

was found in X_XX\ III* 


C0 2 II 


C }M NH*CH, 


ocn, 




C 02 II 


co 2 h 

XXXVI 


CUaNHs 

XXXVII 


F CII, 



-So# 0CHs 

xxxviii 


To make certain that the size was of primary importance and that no 
specTfic effect of the fluorine or methoxyl groups was involved, stdJ 

» Klcidcror and Adam.. J- A-n. Ch.m. Soc *#. '<»•*»• 

•• Van Arondonk. Cupery. and Adama .M *6, 4-25 (1933). 

70 Bcckcr and Adams, ibid., 54. -97J (1932). 
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larger groups along with the fluorine and methoxyl groups were intro¬ 
duced into the molecule. The active forms of XXXIX do not racemize. 22 
In a similar manner XL and XLI give relatively stable active forms 
which racemize only slowly at higher temperatures. 28 


HOaCF 0jN CHj 



H a C NO* 

XXXIX 


F COaH 



NOa 


CH 8 
O 



co^ g H f °* 

XLI 


Although the 2,2',6-trisubstituted biphenyls studied in the earlier 
researches could be racemized at high temperatures, 37 the active forms 
of XLII are perfectly stable under the usual conditions of racemization. 



Relative Effect of Various Groups in Restricting Rotation. A direct 
comparison of the effect of different groups was obtained by a study of 
2 ,2',6-trisubstituted biphenyls, in which the group in one position only 
was modified from member to member of the series. The two following 
sets of compounds were prepared: 41,44 (a) 2-X-2'-nitro-6'-carboxybi- 
phenyl (XLI 11), where X = methoxy, methyl, carboxyl, or nitro; and 
(6) 2-Y-5-methyl-2 / -nitro-G'-carboxybiphenyl (XLIV), where Y = fluor¬ 
ine, chlorine, or bromine. 

NOa 

COall Br 

CH 3 Cl 




Evidence will be presented later to show that the presence of a 5'- 
methyl group in scries XLIV probably has very little effect upon the 
racemization rates; therefore a direct comparison of the compounds 
XLI 11 and XLIV is permissible. 

From the half-life periods it appears that the relative interference 
effects of the seven groups studied are in the following order: Br > CH 3 
> Cl > N0 2 > COoH > OCII 3 > F. Racemization tests in various 
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solvents do not modify the results. It is interesting that the order from 
first to last parallels the decrease in the size of the groups as determine 

^ Experiments have been performed which demonstrate the methoxyl 
(XLV) but not the corresponding hydroxy compound. 



rotation. 


r— x NO, 

/y-<c>No,- 

\~=\ CONUj 

XLV I 

, ,• • QO'KJtolvl f\VII) was converted into active 

Active 6,6 ’ r lU) \ dive 6-nit ro-^mcthyl^'-carboxyhi- 

0 e'-diiGdo-Z 2'-b.tolyl (XLVIH),, mind.iphenyl" (L), 


NOt 

CH?" 0 - 


XLV 11 




and active S-bromo^amin^;™U not clear. If 
6 ^-bitolyl “ The mechan.sm o s. nQ free radicals ar , 

the view is accepted that > ^ f ,. om tllc experimental results, 

involved no new deductions can ^ ^ ^ ^ illI( . rm ,„ lialcS| it fol- 

On the other hand, radicals must be very short as com- 

lZd“; ■>< *= —~ “ b “* ih ° 


nuclear bond. 

» Adama and TccUr. ibid., 6*. 21*8 .1940). 
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2,2'- and 2-Substituted Biphenyls. From the preceding discussion 
the possibility of resolution of certain 2,2'-disubstituted biphenyls would 
be predicted provided that the substituents are of proper size. Several in¬ 
vestigators attacked this problem simultaneously. The resolution of LI 
was reported. 72, 73 * 74 This compound can be considered a disubstituted 
biphenyl with the C—C0 2 H groups in the 2- and 2'-positions. The 
existence of optical isomers even though relatively unstable indicates 
that these groups are sufficiently large to interfere with the hydrogen 
atoms. The instability of this active compound as compared with that 
of its very stable isomer LI I is striking. The preparation and resolution 
of LI 11 were also successful. 74 Its active forms are less stable than those 
of LI. A third compound (LIV) was found to be non-resolvable; hence 





it nppeai-s that with only one substitution the molecule is much more 
mobile. 

The optical resolution of several 2,2'-disubstituted biphenyls fol¬ 
lowed shortly. (LV), 75 (LYI), 76 (LVII), 77 (LVIII), 78 and the correspond¬ 
ing analog of LVIII with two methyl groups in place of the phenyls 
attached to the carbon holding the hydroxyl, 79 and (LIX) 80 and the 
corresponding bromide. 81 The active forms of all these compounds are 
easily racemized substances. 

78 Stanley. ibid., 63, 3104 (1031). 

78 Corbellini, Alii, accad. Lined, 13. 702 (1931). 

74 Mcisonheiiner and Bcisswengcr. liir.. 66. 32 (1932). 

74 Lesslio and Turner. J. Chan. Soc.. 2394 (1932). 

74 I.csslic and Turner, ibid., 2021 (1032). 

77 Shaw and Turner, ibid., 135 (1933). 

78 Corbellini and Pizzi, Alii, accud. Lined, 15, 267 (1932). 

79 Corbellini and Angclctti. ibid., 15. 9GS (1932). 

80 Searlo and Adams. J. Am. Chem. .W.. 55. 1049 (1033). 

81 Scarlc and Adams, ibid.. 56, 2112 (1934). 
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... 1 Uvn Wn resolved which do not contain at 

Although no biphcn>U 2,2', 6 ,Oppositions, it is not 

least one non-hydrogen subs Uicnt ^ ^ radicaU of the 

impossible that one might ex.- mo lecule in which restricted 

type in LXII should combine to gne a 



LX1II 


LXII 


“Pattcreon and Adains. 67 « ** ii < J®? 5 , : 9 33) ^ n iso Adams and Cuirn* J 

■> Lcsalie and Turner. J. < h.n,. *<*.. w 
Am. Chcm. Hoc.. 61. 2179 (1939>. 


366 


ORGANIC CHEMISTRY 


rotation exists at the pivot bond. Similarly, if two of the radicals shown 
in LXIII are substituted in the para positions of benzene, a molecule 
might be produced with two pivot bonds and two points of restricted 
rotation. 

Steric Effects of Atoms or Groups Combined to the Atom Attached 
to the Ring. The steric effect of the hydrogens in the hydroxyl, the 
amino, or the methyl groups might be expected to be appreciable. More¬ 
over, such an effect probably would be greater in the methyl than in the 
amino, and greater in the amino than in the hydroxyl group. Such in¬ 
fluences undoubtedly would vary widely, though they probably would be 
small on account of the free rotation between the atom holding the 
hydrogens and the carbon atom of the ring to which it is attached. With 
larger nuclei combined to the atom attached to the ring, greater influ¬ 
ences might be exerted, depending upon the sphere of influence and 
character of the atoms present. 

An indication of what may be expected can be seen in a comparison 
of the raccmization rates of the active acid, ester, and amide of 2,2'- 
dimcthoxy-6,6'-dicarboxybiphonyl 16 (LXIV). In glacial acetic acid 
the half-life periods of the acid, ester, and amide are 78, 88, and 240 
minutes, respectively. The NH 2 part of the —CONH 2 group is stcrically 
much more effective than an hydroxyl or cthoxyl in the same position. 

In a similar manner, a comparison was made of the raccmization 
rate of 2-nitro-6-carboxy-2'-mcthoxybiphenyl 44 with those of the cor¬ 
responding ethoxy and propoxy compounds (LXV). The ratio of 
half-life periods for the methoxy, ethoxy, and propoxy derivatives Is 
approximately 1: 6: 8 in several of the common solvents. 

Quite ns interesting is a comparison of the raccmization rates of 
various substituted amides of 2,2'-dimethoxy-6,6'-dicarboxybiphenyl 84 
(LXYI). In these molecules the following order of stability is found: 
—NH 2 and —N(CH 3 ) 2 <— N(C 2 H*) 2 <—NHCH 3 <—NIIC 2 H 5 - 


CONHj 

0CH * CO-H U ‘ 

<z> 

COjII 0CH > 
CO2C2II5 
CONH a 


Lxrv 



NO* 



OCH 3 



CON(CaHs)* 

CON(CH 3 )* 

CONHC 2 H s 

CONHCH3 

CONHa 


LXV 


CONHa ° CHj 

CONHCII* 

COKHCtHs 

COX(CHj)* 

COX(C 2 H*) 2 

LX NT 


• 4 Using and Adams. J. Am. Chtm. Soc., 68. 5S7 (193G). 
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Substituents in Positions Other than the 2,2',6,6'. Since the size 
of atoms or groups is due to the fundamental structure of the atoms in¬ 
volved, i.e., the nucleus and electron shells, it may be said that the 
electrical characteristics of atoms or groups are intimately associ¬ 
ated with the size. On the other hand, the atoms or groups may be 
considered from the standpoint of polarity. Experiment shows that 
polarity or non-polarity plays an unimportant role. A comparison of 
biphenyl molecules containing four methyls, four chlorines, four mtros, 
four methoxyls, and four fluorines in the ortho positions has been made. 
The compounds were resolved and their raccinizution rates determined. 
The compounds containing the four chlorines and four intro groups 
which are polar in character are very resistant to raccmization How¬ 
ever, the compound with four methyl groups, which are essentially non¬ 
polar and of approximately the same size as the chlorines, is also very 
resistant to racemization. On the other hand, the tetrafluoro and 
tetramethoxy compounds are not even resolvable. In fact, from the be¬ 
havior of the numerous compounds already studied, it is clear that mz. is 
the most important factor and that no correlation between the polar y 
and interference effects of the individual groups is possible. Ster.c in¬ 
fluences due to the polarity of groups probably produce no more than a 
secondary effect which may be illustrated by properties of active mole¬ 
cules with additional groups substituted m positions other than the 
9 Tt was first noted 44 that the half-life period of the acti\c 

compound LXVII in 2 N sodium hydroxide solution at 98° was 18 
minutes, whereas that of LXV1II under the same conditions was 50 



NO* 



NO, 


minutes. Thus, antipodally the latter was three times as sUble as the 
former. This is inexplicable if the 2 , 2 ',G ,0 -groups are the only facto,s 
which afTect the stability to raccmization o.the active mo cculcs. 

Inspection of formulas LXVII and LXVIII shows that the only 
difference is a nitro group in the pnra position of one ring. 

Later, Adams and his students studied asenesofcompoundsw.th 
methoxyl, methyl, chlorine, bromine, and nit ro substituted.in^tlm 3 

(LXIX"«- - 4'- (LXX,.- -d V- (LXXI)« ■— 

boxy-2'-methoxy biphenyl, where X = OCH 3 , Glia, U, 13r, isu 2 . 

M Yuan and Adarna. ibid.. 64. 2900 (1932). 
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These were compared with each other and with unsubstituted % 
nitro- 6 -carboxy- 2 '-methoxybiphenyl which racemizes readily at room 



temperature and thus makes possible a fairly accurate polariscopic study 
of the rate of racemization. For each of the fifteen compounds, only one 
alkaloidal salt can be isolated and all these mutarotate in solution. I he 
active acids obtained from the salts racemize readily in organic solvents 
at room temperature. Semi-quantitative data are given m Table 1. 

TABLE I 

Half-Life Periods in Minutes of Substituted 

2-N1THO-0-C ARBOX Y-2'-METHOX Y BIPHEN YL 


Position of Substituent Nitro Bromo Cbloro Methyl 
3' 1905 827 711 331 

4' 115 25 12 2.6 

5' 35 32 31 11 5 


Methoxy 

98 

3.6 

10.8 


Tho 3- and S' compound, wr. ,l,.,nlvcd In ethyl nlcohol for r.ccmir.lion .tudi~ ; th. 4' in 
acetone. The temperature usod wa* 25* in all instance a. 


From these data it may be deduced that, within experimental error: (1) 
the stability to racemization of each series, whether the groups arc sub¬ 
stituted in the 3'- or 4'- or 5'-positions, is in the order: H < OCH 3 < 
CII 3 < Cl < Hr < NO*; (2) the stability to racemization of the 4-sub¬ 
stituted compounds is somewhat less than that of the 5 '-substituted 
biphenyls and much less than that of the 3'-derivatives. One exception 
appears in that the 4'-nitro compound is more stable than the correspond¬ 
ing 5'-nitro derivative. 

The theoretical basis for and the exact mechanism of this phenomenon 
are still obscure. One or more, or possibly all, of the following factors 
may be involved: M (1) the variation of the valency angle at which the 
ortho substituent on the ring is attached, thus changing the effective 
size of the group; (2) the modification of the intcrnuclear distance be¬ 
tween the carbon atom of the ring and the ortho substituent; (3) t e 
slowing down of the semicircular oscillation of the two phenyl rings by 
substituents, thus diminishing the chances of the complete rotation, 
(4) the modification of the distance between 1,1' carbon atoms; (5) the 
bending of the linkage between the two rings in such a way that the 
rings are no longer coaxial. 
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The experimental results are perhaps significant in leading to the 
conclusion that cause (3) is not a factor, since the substitution of two 
atoms of similar polarity but of different weight, such as chlorine and 
bromine, results in almost identical effects on the rate of racemization. 
The order of increase in stability in the 3'- 4'-, and 5 -series is the same as 
that of the dipole moments of the individual groups introduced into he 
positions indicated. The greater the dipole moment of ** 8™P the 
greater is the stability. There is no chemical evidence, honcier, to 

prove or disprove mechanisms 1, 2, 4, or 5. , 

It might appear at find, from the relatively large change n e 
racemization rates caused by substituents in posamnsohcrthantl.c 
2 2' 6 O' that such substituents play a very important role. Nevcrthe- 
?i’ it must be considered that the amount of change is something about 
which no quantitative information is available. 

small changes in interference have a large observable effect particularly 
on Isc moTeculls which arc sensitive to racemization under mild con- 

35353 ^*==®?“= 

the molecule (LXXII) which would prevent resolution. 

+ oe>- 

LXXII 

_ • ( TcAmi>rir 2 2' 6-Trisubstituted Compounds. A series 

Comparison of Isomeric 2,2 , carbo xvl groups are intcr- 

of biphenyls in which nitro, me > . racemization rates of 

changed in the 2 , 2 ', 6 -pos.nons was would be antici- 

thc three compounds did not cor ' w ^ c( . d froIU thc »tudy of the various 

paled from the size of the groups a- d anomulous rcsuhs were 

2 , 2 ', 6 , 6 '-tetrasubstitutcd biphcnyL ■ lhoxy i carboxyl, and nitro 

observed in analogous molecules containing m > 

groups. 87 —i«tinn of Active Biphenyls and Their 

Comparative Rates of Racemi unpxprctcd phenomenon 

Salts. It is desirable to point out jn (hp , ul( . other than the 

which must be attributed to some f , saUs of series 

size of or,ho groups. The rate.; "^” usly m en.ioned, in which 

of acids (LXIX), (LXX), and (L .. \l) I parallel to the rates 

a variable 3'-, 4'-, or 5 '-group i» in' ol\ ia, uo 

*• Calvin, J. Ore. Chcm.. 4. 250 (1039). , 193m . 

•’ Adams end Finger. J . Am. CA«m. .Sec.. *1. =' 8 - < 193W 
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of racemization of the acids. The sodium salts of many optically active 
biphenyl derivatives racemize in aqueous solution more readily than the 
free acid racemizes in organic solvents. It was found, however, that the 
sodium salts of all the substituted 2 -nitro- 0 -carboxy- 2 '-methoxybiphen- 
yls in water racemize less readily than the free acids in organic solvents. 44 
The sodium salts in absolute alcohol, on the other hand, racemize more 
readily than the free acids in the same solvent. 


Polyphenyl Systems 

Compounds having more than one asymmetric carbon atom possess 
a number of diastereoisomcrs, and the same phenomenon is to be ex¬ 
pected in derivatives of properly substituted polyphenyls containing 
more than one pivot bond with restricted rotation. 

There are four general types 1 of properly substituted p-diphenyl- 
benzencs, (LXXIII), (LXXIV), (LXXV), and (LXXVI). Type 




V * 

LXXIV 



y u 

LXXV 



X X 
LXXVI 


LXXIII should exist in two diastereoisomcric forms, each of which is a 
racemic modification, one cis and one Irons. Compounds of types 
LXXIV and LXXV should exist in two forms, one meso and one racemic. 
The meso form of LXXIV is the trans form, and the racemic is the cis 
form. On the other hand, the meso form of LXXV is the cis form, and 
the racemic is the trans form. It is of interest that the meso form of 
LXXIV has not the usual plane of symmetry, but a point of symmetry. 
In type LXXVI the central ring is symmetrically substituted so no 
optical isomerism is possible. On the other hand, restricted rotation 
can still occur and two geometric isomers, cis and trane forms, result. 

Properly substituted m- and o-diphenylbenzene derivatives yield 
analogous, though somewhat different, types of stereoisomers. 1 Quater- 
phenyls and more complex molecules of a similar type, when properly 
substituted, should exist in many modifications, the number of which 
can be calculated in the usual way. 
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Experimentally only p-diphenylbenzene derivatives have as yet 
been investigated. The possibility for the existence of a meso and a 
racemic modification of substituted p-diphenylbenzenes of type LXXIV 
was demonstrated by the isolation of two stereoisomeric compounds ,* 8 
LXXVII and LXXVIII. Each of the two isomers forms individual series 
of derivatives but oxidizes to the same quinone (LXXIX). The quinone, 
in turn, upon reduction always gives a mixture of the two hydroqumones, 
(LXXVII) and (LXXVIII). Sufficient interference apparently is not 
present in the quinone to allow the existence of two isomers. 



LXXIX 


A second compound « (LXXX), in which all the A are 

filled, furnishes a more suitable compound for testing the vahdity of_ 
predictions. The two stereoisomeric compounds (LXXX and LXXA ; 
a-ionn-meso-lrans 0 -form-raccmic-cw 

BrCHi S£k ch.-, 

LXXX I 

LXXX 


Br CH S 


Br 

LXXXIII 


92 * 

H 3 C Br CUj 


HjC Br 


>CIIj 


LXXXIV 


Br CII3 HiCBr 


5TCH. H VBr H ’ C 


I.XXXI1 


M Browning and Adams, t bid.. 52. 4098 (1930). 
M 8hildneck and Adams, ibid., 63. 343. 2203 (1931). 
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are converted readily to characteristic derivatives. Upon bromination 
they produce the same hexabromo derivative (LXXXII), thus experi¬ 
mentally confirming the fact that stereoisomers exist only if each of the 
rings is unsymmetrically substituted (p. 355). 

Each of the two tetrabromodimesitylhydroquinones (LXXX and 
LXXXI), unlike the two dibromodixylylhydroquinones (LXXVII and 
LXXVIII), which oxidize to the same quinone, yields, upon oxidation, 
the corresponding stereoisomeric quinone (LXXXI 11 and LXXXI V). 

The additional o-methyl group increases the interference sufficiently 
to produce restricted rotation and thus allows the formation of isomers in 
the quinones. Incidentally, these quinones present an example of re¬ 
stricted rotation between a benzene and a quinone ring. 

The two diastereoisomeric dibromoquinones (LXXXII I and 
LXXXIV) with aqueous sodium hydroxide are converted to two stereo¬ 
isomeric dihydroxyquinones (LXXXV and LXXXVI). These two 
latter compounds upon reduction yield the corresponding tetrahydroxy 
compounds (LXXXVII and LXXXVIII). The last three pairs belong 
to the p-diphenylbenzenes of type LXXYI and represent cis and trans 


a-form -meso-trans / 3 -form-raccmic-cis 



LXXXVII LXXXVIII 

isomers incapable of optical isomerism. On the other hand, the two 
hydroxyquinones and their derivatives represent pairs of cis and trans 
isomers, in each pair of which one is a ineso and one a racemic modifi¬ 
cation. 
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Owing to the small size of the hydroxyl group, the cis form of the 
dihydroxyquinone (LXXXVI) and its diacctate and dibutyrate can be 
converted, by heating in high-boiling solvents, into the corresponding 
trans forms. Similar treatment docs not cause the conversion of an> of 

the other cis forms in this series. .. . 

The high-melting forms in the dimcs.tylbenzenc and dimes,tyl- 
quinone series were assumed by analogy to other known pairs of stereo¬ 
isomers to be the trans modifications, and the low-melt,ng forms to be 
the ct« modifications. That this assumption was correct was proved 
experimentally by the resolution of thee.. form (LXXXI) and the non¬ 
resolution of the trans form (LXXX). . . , 1 

These results, though limited in number, show that in the diphenjl 
benine system ihe exact conditions that would be expected from the 

with the point, more widely .ep.tated then in the d.pheny 

meso and racemic modifications. 



CII 


H—CO 



Restricted Rotation Due to a Many-Membered Ring in the 

6,5'-Positions 

A novel type of Rioted -mUonS 

5 i5'-Cpolymcthylene)-d,phonic acids (XC). 

HOOC COOII 



l (CHj)i 
xc 

*° Knauf, Shildneck, and Adams, ihid.. W. ^00 (1934). 
•* Adams and Joyce, ibid., 60. 1489 (1938). 
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resolved. The polymethylene bridge is capable of preventing the free 
rotation of the two nuclei, thus inducing in the molecule those properties 
resulting in asymmetry and hence in the possibility of optically active 
forms. The molecule containing eight methylenes in the chain has 
greater optical stability than that containing ten (n = 8, half-life 1955 
minutes; n = 10, half-life 1491 minutes at 23° in dioxane). The racemi- 
zation process in these molecules is assumed to be largely concerned with 
slippage of the carboxyl groups past one another. On this basis, the most 
obvious explanation for the difference in rates of racemization is that, 
the shorter the bridge across the 5,5'-positions, the less vigorous are the 
semicircular oscillations which the benzene nuclei undergo about the 
bond joining them. 

Extension into Non-Benzenoid Ring Compounds 

The search for the presence of stereoisomerism in certain substituted 
molecules containing rings of an aromatic but non-benzenoid type is a 
natural development from the study of biphenyl compounds. Such a 
field includes compounds in the series of the phcnylpyridines, bipyridyls, 
phenylpyrroles, bipyrryls, phenylpyrazoles, etc. The difficulty of 
synthesis, however, is a severe hindrance to the study of these types. 

Phenylquinones, Phenylpyrroles, Bipyrryls, Bipyridyls. In the study 
of tcrphenyl derivatives 89 two stcreoisomeric diphenylquinoncs 
(LXXXIII and LXXXIV) were obtained, and these compounds repre¬ 
sent the first examples of a biphenyl type of isomerism in compounds 
where one of the* rings is not a benzene nucleus. A simple phenylquinone 
(XCI) was also resolved into optical enantiomorphs.*- 


II0 2 CCII 2 O 



O CII 2 C0 2 II 


XCI 

No phcnylpyridines have as yet been resolved, but an optically active 
bipyridyl (XCII) which raccmizes with ease was obtained.” Two salts 
with different rotations were obtained from 2,3'-bipyridyl-2',3-dicar- 
boxylic acid (XCIII).* 4 

M Hill nnd Adams, ibid., 53. 3453 (1031). 

•* Woodruff and Adams, ibid.. 64. 1977 (1932). 

Brvdowna. Roczniki Ch-w.. 14. 304 (1934»; l<*. A.. 29. 2535 (1935)]. 
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Perhaps the most fruitful and interesting results in the field of binu- 
clear compounds other than biphenyls were obtained from the study of 



compounds of N-phenylpyrrole and N,N'-bipyrry> types Th** types 
differ from all the compounds previously studied in 

atoms are carbon Substituted N-phenylpyrroles represent a class o 

XCV proved to be unusually resistant to racemiza 



HO.C CHa 


n—<□ 

L=/ tl IlaC CO,H 
CHS 


xcv 

, .• „ !»»,. nhenomcnon in the biphenyl series is 

If the usual explana 10 Nation between the benzene ring and 

applied here, there is restrict d . ri ow j ng to the inter- 

the pyrrole ring or between th I ^ ^ valenccs of each 

fcrence of the ortho groups. or a , , east t0 oscillate 

mtrogen must be assumed to be k ^ coaxia l. With these 

through a configuration m wh^ch ms shoukl hold for optical 

assumptions, more or less the a , M . nv , pr „ U ps of proper 

isomerism in phenylpyrrolc.*> a. unsvinmetricol substitution in 

size substituted in the ortho ^ ^“^"^nfirmed this view. It was 
each of the rings. Expenmenta fae.^^ XCVI> XCVI I, 

impossible " to resolve any of tl » 6 compounds with only two 

* ~ *- 

91 Bock and Adams, ibid., 63. 3519 < 
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HO2C CH 3 
N 


HO2O CH, 


D 


CO2H 


CH, 

XCVI 



C02H 


ho 2 c ch 3 c02H 


Z/ n 


HO2C CH, 

xc\ni 


If a fixed tetrahedral structure for nitrogen and at the same time 
restricted rotation are assumed, formula XCIX might represent the 
appearance of such a molecule. Under these conditions unsymmetrical 
substitution in one ring only would be necessary to produce optical 
isomerism, but this docs not agree with the facts (XCVIII). 


XCIX 


That optical isomerism in phenylpyrroles or bipyrryls might be due 
to an asymmetric nitrogen atom is also very improbable, first because erf 
the lack of positive results of many investigators in resolving trivalent 
nitrogen compounds, and second because it is difficult to see how changes 
so slight as that from formula XCIV to formulas XCVII and XCVIII 
would liminate optical isomerism if it were due to the nitrogen. 

alogous to N-phenylpvrroles are the N-phenylcarbazoles. It was 
1 impossible 99 to resolve C, which contains the symmetrical 
jazole ring, but optical isomers were readily obtained from Cl which 
.. .tains the unsymmotrically substituted carbazole. 



o 

98 Patterson and Adams, ibid., 55. 1009 (1933). 


Cl 
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Dipyrrylbenzenes. As the experimental results indicate that phenyl- 
pyrrole isomerism is very similar to that in the biphenyl series, an exten¬ 
sion is possible to dipyrrylbenzenes which should exhibit isomerism 
similar to that of the diphenylbenzenes. Tliis was confirmed experiment¬ 
ally, and it was possible to distinguish the meso and the racemic modi¬ 
fications by resolution studies” The diastcreoisomenc forms of 
the m-dipyrry lbenzenes (CII) were obtained. The less soluble, pre¬ 
sumably the trans, form is racemic and was resolved into its highly activ e, 
stable enantiomorphs, while the more soluble, presumably cis, form is 



meso and could not be resolved. The compound CIII, 4,4'-Ws-[l-(2,5 



Other Types of Compounds with Restricted Rotation 

compounds. T , Drct |i c tioii ,0 ' was made that 

Carbon-Nitrogen Restriction. ^ T P * ffcp rotulion of thc two 

steric hindrance >y ^/-substituted naphthalenes 

? r U ^ ,n " ,phCny l , Si s resolved into rather easily racc- 

(CIV). The nitro derivative (C >)" as r " , nd (r\ l) 

mized enantiomorphic forms, whereas the unmtrated compound ( 


M Chang and Adams, ibid.. 66. 2089 11934). 

100 Adams and Joyce, ibid.. 60. 1491 (I9» ; 

101 Mills and Elliott. J. Chcm. Soc.. 1201 (19-K) 
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could not be. This may be explained as molecular asymmetry due to 
restricted rotation about the C-N bond because of the collision of the 
RiR 2 N-group and the nitro group in the 8-position. No such obstacle 


R 2 Ri C 6 HsS0 2 ch 2 co 2 h 

\ / \ / 
no 2 n no* n 



C 6 HsS0 2 ch 2 co 2 h 

\ / 

N 



exists in the unnitrated compound (CV1), and hence there is no optical 
activity. 

A second analogous illustration of restriction ,02# 101 is the resolution of 
CVI1 in contrast to the non-resolvability of the corresponding tertiary 
base (CVIII) or the corresponding 1-methylquinolinium iodide. 



I 

. C«H|SO*N 



Mills and Kclhom lw prepared a series of l-alkyl-acylamino-8- 
naphtlialcnesulfonic acids and resolved these compounds (CIX). The 
acetylmethylamino derivative possessed so high a degree of optical 
stability tha' tire analogously constituted compound (CX) of the benzene 
series was t'.so studied. The brucine salts of compound CX showed 
mutarotatic when dissolved in chloroform. An active sodium salt was 



,w Mills, 7‘ran.f. Faraday 26. 431 (1930). 

,0 * Mills and BreckcnridRc. J. Chrm. Soc.. 2209 (1932). 
»®« Mills and Kclham. ibid.. 274 0937). 
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also prepared which showed an initial [q] 5 <oi of +0.06°. It gradually 
racemized and gave a half-life period at 16.6° of 5.25 hours. 

Other molecules in which restricted rotation between a nitrogen 
atom and a ring carbon atom exists have been described Thus X -benzoy 1- 
4 , 6 . 4 '-tribromodiphenylamine-2-carboxylie acid (CXI) and seieral other 
compounds of a very similar type were shown to possess very weak 
optical stability presumably due to restricted rotation 

More striking in properties are the compound N-succinyl-N- 
methylbromomcsidine (CXII) and the corresponding N-ethyl derivative 

CH s (C 2 H>) 

POOH CHi 

-X—COCHsCHsCOOH 

CHj 
Br 

CXII 

for their optically active forms possess remarkable.stabilityta^contrast 
to all the other nrcviously descrilied compounds (half-life of N-metnyl 
9 hou^ of N-cthyl 28 hours in boiling ,,-butanol).- Owing to the fact 

!hat ,m modules containing an asymmetric 
been obtained, the asymmetry in 

obtained 

optically active form of compound CXII to an^opt X po , ilioll i„ 

ssr— ■- -«^ 




R 


/ c w 0H 


{Morin 

CXIV 


ih m ,,o«7, • 1040 OtttS): 201 (1940;. 

1M Jamison and Turner. «'*«•. „ >191 (1940); Adams and Stewart, ibid. 

«<* Adams and Dankcrt. J. Am. Chcm. Soc.. ©». - 

“• *Theilarkar. and W—"*">• 
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form of the ketoxime (CXIV), both the hydroxyl and the R groups have 
the possibility of colliding with the x and y groups on the benzene ring. 
Thus, the rotation of the radical R—C=NOH would be restricted and the 
compound could exist in antipodal forms. In the a-form (CXIII) there 
would probably be no interference between the hydroxyl group and the 
x and y groups, so that the molecule should not be resolvable. 

Experimentally, neither form of CXV could be resolved. Of the 
a- and /3-forms of CXVI, the a-form could not be separated into enantio- 
morphs. The /3-oxime of the same ketone (CXVI), however, yielded 
coniine, cinchonine, and strychnine salts, all of which exhibited mutaro- 
tation in pyridine; hence asymmetry of the molecules is inferred even 
though the optically active acid could not be isolated. The correspond¬ 
ing ether (CXVII) formed a cinchonine salt which mutarotated in solu- 




II N CHj N 


CXV 


(0-form) 

CXVI 


C0 2 H 
OH 

/°\ / CHa 

CH, N 

1 

O 

CXVII 



tion and upon decomposition at 0° gave an active ether. The resolution 
of these compounds may be used as evidence for the correctness of the 
Hantzsch-Werner theory for the structure of oximes, and offers a new 
instance of optical isomerism due to restricted rotation. 

The most recent work in the field of molecules with carbon-carbon 
restricted rotation has consisted of a study of certain substituted aryl 
olefins. Many such compounds have now been prepared and resolved. 
Tin same principles obtain ns in the substituted biphenyls. Thus 
Mills and Dazeley 108 observed that o-(/3,/3-dimethyl-a-isopropylvinyl)- 
phcryltrimethyl ammonium iodide (CXVIII) was readily obtained in 
optically active forms, and these forms proved to be very resistant to 
raccmization. Adams and co-workers 109 have also succeeded in resolv¬ 
ing a variety of aryl olefins illustrated by the structures CXIX and CXX. 
The a- methyl derivative of CXIX showed no raccmization in boiling 

»« Mills and Dazeley. J. Chtm. Soc.. 400 (1939); see also Maxwell and Adams. J. 
Am. Chem. Soc.. 52. 2900 (1930). 

109 Adams and Miller. J. Am. Chcrn. Soc.. 62. 53 (1940); Adams, Anderson, and Miller. 
ibid., 63, 1589 (1941); Adams and Binder, ibid.. 63, 2773 (1941); Adams and Gross 
vmDublishcd results. 
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butanol while the corresponding unsubstituted derivative had a half- 
life in boiling butanol of 200 minutes. On the other hand, the com 
pound represented by CXX racemized in solvents at room temperature. 

CH, CH, 


l!^-N(CH*).*I- 


CXVIII 


Cl CII»(H) 
CH* I I 

COO II 

chJL^h. 

cxix 


Cl CII, 

CIIj l I 

Clf^pC*C-COOH 

CIlJl^JoCII, 

cxx 


thu «. o, —»» «5K sr srs ssfs 

,rom ■_£* ffiSyM-n.phthyl)-ico.»« ««. -Howcd 

iS® SSffS ™ *•——* 

‘“"TrttXoi 

fonation >I <rf the^am^^noleculc Vo an optically active bromochlorosul- 
fonyl derivative. h avc been reported on the resolution 

ss- s. 

the high-ddutton tethniq. e ^ „ mt if tho naphthalene nucleus 

Ctc“oStJ within the many-membcred nng. as would be 




i ontical isomerism should be possible. 

LUtt^ighaus 1 and*Gralhccr have demonstrated experimentally that 

- Maclean and Adam.. J- Am. " 933 ’‘ 

16. =66 (1040). 
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such isomerism may result from the entwining of a many-membered 
ring around an otherwise symmetrical structure. They resolved the sub¬ 
stituted benzoic acid (CXXII); its optical activity arises from the dis¬ 
position of the decamethylenedioxy bridge either above or belowr the 
plane of the benzene nucleus. The active forms were very stable. 


SUMMARY 

In the foregoing section, a general discussion has been given of mole¬ 
cules which may be asymmetric owing to restricted rotation about a 
single bond. The two essential prerequisites for occurrence of optical 
isomerism in compounds of this type are: (1) restricted rotation of the 
planes of symmetry of the radicals about the pivot bond; (2) each of the 
radicals united by the pivot bond has one and only one plane of sym¬ 
metry. 

The only important class of such substances which has been studied 
experimentally is that of the substituted biphenyls and related com¬ 
pounds. The present status of this field can be summarized in the 
following four points: 

(1) The stereoisomerism of substituted biphenyls and related com¬ 
pounds differs from all other types of stereoisomerism in that the number 
of forms cannot be defined by a type formula, but depends upon the 
specific properties of the univalent substituents. 

(2) The resolution of certain substituted biphenyls and the non- 
resolution of others can be satisfactorily explained on the assumption 
that the two benzene rings in a resolvable biphenyl possess a common 
axis but lie in different planes, owing to the restriction of free rotation 
about the axis by the ortho substituents. The resulting configuration is 
asymmetric if the two rings arc unsymmetrically substituted. The de¬ 
gree of restriction of rotation, as manifested by the ease of racemization, 
depends primarily upon the size of the ortho groups. 

(3) The phenomenon persists in terphenyl compounds and binuclear 
compounds other than biphenyls. 

(4) Restriction of free rotation about a single bond has been found 
also in properly substituted aryl olefins and aryl amines. An aromatic 
diether where a naphthalene nucleus is incapable of rotation within a 
many-membered ring has been prepared and resolved. 
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»» „ optical Ci ”" ,,0 ’ ,s ' 

compounds oon..iiun* 

atom fall into three classes, epe indicate the 

(pp. 585, 1928). The following formulas, Figs. 1, 2, and 3, 

three possibilities: Rl" f R l + 


R':C- 
• • 

R" 
Fio. 1 


R':C: 
• • 

R" 
Fio. 2 


R':C 
• • 

R" 

Fio. 3 


•''The studios Khich h.vo i.oo ’SS* ‘ T~ 

radicals have not >' ct d ‘ iscussion i n this chapter merely repre- 

student should realize that t D resent time. tMuch of the 

sents a summary of the ev,«lcncc up£ «o ^ ^ ^ ^ 

material is controversial and tl.e^c should be rcad , therefore, 

extent matters of opmm > ® gcnera l survey of the question of the 

with an open mind in order g . >nd car bonium ions, 

optical activity of free «*«*• ^ radica { (Fig. 4) is produced by the 

thermal dttTaUon" of Lxapheny.ethane in non-ionizing solvents. 

(C»H»)jCC(C»H»)» ^ 2(C ‘“‘ ) ’ C ‘ 

H three different ary, ^ 2 SSSS 

SSSs Tand b), provided that the single electron which occu- 

a _ Ar 


Ar 

Fio. 5 


Ar" 
Fio. 0 


. f iVio tetrahedron possesses the ability to keep the 

pies one of the apices of t hen the molecules will racemize 

molecule optically stable _ bc obs , rvcd . 

” ■&£ SfSSr—T Inund tt.. of . of «■ 

. a 6oc.. 65. 3838 (1933). 

' Wallis and Adams. J. Am. 



384 


ORGANIC CHEMISTRY 


phenyl-p-biphenyl-a-naphthylthioglycolic acid with triphenylmethyl 
caused the optical activity of the solution to disappear. Evidently the 
free radical, phenyl-p-biphenyl-a-naphthylmethyl racemized as fast as 
it was formed. 

Karagunis and Drikos 2 studied the action of chlorine on phenyl- 
biphenyl-a-naphthylmethyl in carbon tetrachloride solution under the 
influence of d- and J-circularly polarized light at two different wave¬ 
lengths, X = 4350 and X = 5890. The reaction apparently involves the 
free radical, Fig. 7, and atomic chlorine, producing the triaryl chloride, 



Fio. 7 Fio. 8 


Fig. 8. The determination of the optical rotation of the solution at 
various intervals of time gave the curves shown in Fig. 9. 



Fio. 9 

It will bo noted that, at the end of an hour, the reaction products 
consisted of an excess of cither d - or 7-triaryl chloride, depending on the 

2 Karagunis and Drikos. Xalunrissrnschajlcn, 21. C97 (1933); Nature. 132, 354 (1933); 
Z. physik. Chcm.. 26B, 428 (1934). 
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kind of light used. After the reaction had proceeded to completion, 
equal amounts of d- and f-chloride were present-hence, optical inactiv¬ 
ity. This asymmetric synthesis is of interest since it is the only study of 
such free radicals. It was found that neither d- nor /-circularly polarized 
light had any effect on either the triaryl chloride or on the free radical. 
The effect observed must hence be due to an acceleration of the reaction 
between the d- or /-form of the free radical and the activated chlorine 
atom. The work does not show that triarylmethyl radicals are optically 
active. The results may be interpreted, however, as indicating that the 
groups in a free radical are probably not planar. Up to the present 
time, no optically active free radicals definitely belonging to the type 

shown in Fig. 1 have been obtained- 

Several different typos of reactions have been investigated which maj 
possibly involve a free radical of the type shown in Fig 1 as an inter¬ 
mediate. In all reactions thus far investigated, the final products have 

been optically inactive. 4 1A * 

.The electrolysis of potassium Z-cthylmethylacetate (Fig. 10) was 
found by Wallis and F. H. Adams > to produce an optically inactive 3,-I- 
dimethylhexane (Fig. 13). If the course of the reaction follows that 
indicated in the reactions below, the free radical, Fig. 12 is an inter¬ 
mediate. If this radical had been able to retain its asymmetry then h 
combination of two toorotatoiy radicals should have produced the 
leva form of Fig. 13. The fact that the 3 , 4 -dimethylhexane (Fig. 13) 


— 


" • • 
a e % • 

•*n*’ 
ch, •: 

Anode 
-- > 

CH, H 
• • • • •• 

C*Il6:C : CsOs 

C*H»:C : C:0« 

•• •• 

.. •• 

H 


H 

| _ 

[a) D - - 12.25* - 


Fio. 11 


Fio. 10 
CH* CH, 

C S H,:C : C:C*H* <- 
•• •• 

H H 
Fio. 13 


cn,i 
• • 

H J 
Fio. 12 


+ C0 5 


was optically inactive indicates that the radical did not retain its asym¬ 
metry. It should be noted that the octane (Fig. 13) may exist in a 
dl and a meso form. The nature of the product was not determined 
-If a Wurtz synthesis (p. 539) is carried out on an optically active 
alkyl halide, optically inactive hydrocarbons usually result. Thus, 

• Wallis and F. H. Adams, J. Am. Chcm. Soc.. 65. 3838 (1033). 
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Wallis and Adams * obtained the same optically inactive 3,4-dimethyl- 
hexane mentioned above (Fig. 13) by the action of sodium on d-2-bromo- 
butane (Fig. 14). 


CH 3 ch 3 ch 3 

I I I 

2C 2 H 6 CHBr + 2Na -* C 2 Hs—CH—CH—CsHs 

(«)» - + 10.7° 

Fio. 14 Fio. 13 


♦ The action of sodium on i-a-bromobibenzyl (Fig. 15) also produced the 
optically inactive 1,2,3,4-tetraphenylbutane.* (Fig. 16). 


Br 

/ I 

^ 2C#Hf—CH—CH 2 C«H 3 

l«) D -- 27» 

Fio. 15 


Na 


C e H 6 C 3 H 6 

■> C ft H 6 CHr-CH—CH—CH 3 C 3 H 6 
Fio. 16 


The optical inactivity of the products of the Wurtz reaction indicates 
that racemization occurred at some intermediate stage, since both the 
initial and final products were stable. 

If the radical (Fig. 18) formed by the action of sodium on the alkyl 
halide racemizes rapidly then the hydrocarbon formed by the combina- 


R' 

I 

R—C—Br + Na- 

I 

H 

Fio. 17 


R' 

I 

R—C- + NaBr 

I 

H 

Fio. 18 


tion of two of those ^/-radicals would be optically inactive and consist of 
a mixture of the dl and meso forms. On the other hand, if a sodium 
alkyl (Fig. 19) is produced rapidly, it may react with the optically active 


R 

I 

R—C- + Na 

I 

H 


R' 

I 

— R—C—Na 

I 

H 

Fio. 19 


bromide (Fig. 17) to form a hydrocarbon which may contain some of the 
optically active form. 
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R' R' 

I I 

- R—C—C—R 

I I 

H H 

Fio. 20 

Actually Ott« obtained optically active d- 2 , 3 -diphenylbutanc (Fig. 22) 
by the action of sodium on /-methylphenylchloromethane (Fig. 21) along 
with some of the mtso form of the hydrocarbon while the recovered 
chloride was racemized to some extent. 



CH a 

I 


CHs CH 3 


2CeHb—C—Cl + 2Na -* C.H*— C-C—C«H 6 + 2NaCl 


H 

, D - - 50.27- 
Fio. 21 


H H 

« D - + 20.24* 

Fio. 22 


vThe formation of the Grignard reagent from an optically act 
halide also results in an optically inactive ‘ product (p. 516). Thus the 
action of magnesium on rf- 2 -bromodctanc (tig. 23) results in the op 
eally inactive 2 -octylmagncsium bromide ‘ (Fig. 24) By analogy to the 
Wurtz reaction, it might be possible that similar radicals are involved. 


CHa 

I 

C«Hn—ClIBr + Mg 
Fio. 23 


CHa 

I 

C»Hia—CHMgBr 
Fio. 24 


Also, when d- or f- 2 -chlorobctane was treated with lithium and the 
resulting 2 -octyllithium carbonated, the acid obtained was optically 

‘"“wUh’the exception of the experiments of Ott cited above, it is evident 
that racemization occurs when an organomctnlhe compound is formed 
from an optically active halide in which the halogen is attached to the 

asymmetric carbon atom. , . . ... , , 

.The photochemical or peroxide catalyzed chlorination of d-l-chloro- 

2-methylbutane (Fig.25) yielded optically inactive l.M.ch oro-2-mcthyl- 
butane * (Fig. 20). If the mechanism is that represented by the chain 

w „ os .1911); Schw.ru ...d Johiuron. J. Am. 
% Pickard and Kenyon. J. < hem. •**<*•. /. 

Chcm. Soc., 63. 1003 (1031). 

• Porter. J. Am. Ckcm. Soc.. 67. 1430 (1035). 

u«o, : «.«. .„ d 

ibid., 63. 620 (1941). 
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reactions (a), (6), and (c), it is evident that the intermediate alkyl radical 
underwent racemization. 

(а) Cl* ^ 2C1* 

CHj CHj 

I I 

(б) C*H 6 —C—CH*C1 + Cl* -► C 2 H 6 —C—CHiCl + HC1 

I 

H 

Fio. 25 

CH, CH, 

(c) C*H 6 —C—CH*C1 + Cl* -♦ C*H 6 —C—CH*C1 + Cl* 

Cl 

Fio. 26 

Carbanions. If a pair of electrons occupies the fourth valence of the 
central carbon atom resulting in the negative ion shown by Fig. 2, then 
such carbanions might exist in enantiomorphic forms if they arc stable 
to racemization. 

Numerous studies of the salts of aliphatic secondary nitro compounds 
have been made to determine whether these compounds constitute exam¬ 
ples of optically active anions. The fact that primary and secondary 
nitro compounds exist in two tautomeric forms was established by the 
work of Hantzsch and Schultzc.* The two forms of phenylnitromethane 
and their properties are shown in Table I. 


TABLE I 


C«H 6 CH*NO* 

Liquid 

Stable normri) form 
Insoluble in NajCO* 

No reaction with C«II»NCO 
No color with Fe(*lj 
Non-elect roly to 


CelUCH: 


0 

/ 

N—OH 


Solid 
M. V. M* 

labile oei-form 
Soluble in Na*CO| 
Hearts with C,ll»NCO 
lied color with FeClj 
Electrolyte 


The solid act'-form is obtained by the addition of acid to a cold solu¬ 
tion of the sodium salt, and readily tautomcrizes to the normal nitro 
modification. n 

/ 

RCH-NOs RCH=N—ONa 


/HCI 

O ^ 


/ 

RCH=N—OH + NaCl 


9 Flantzech and Schultzc. Dcr.. 28. G99. 2251 (1S95). 
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The change from the aci-form to the normal form may be followed by 
conductivity measurements. 10 This summarizes the general status of 
these nitro compounds and their salts up to 1927, when Kuhn and 
Albrecht 11 made the startling observation that d- or l- 2-nitrobutane 
(Fig. 27) upon treatment with methanolic sodium methoxide gave 
optically active solutions of the sodium salts (Fig. 28) (See Chart I). 
Acidification of the salt regenerated a partially active nitrobutane, and 
bromination formed optically active 2-bromo-2-nitrobutane (Fig. 29). 


HCl 


CHART I 

CH, CH, 

C,H»—(JNOiNa 

B r */ [«| 0 - + 6.50* 

/ Fio. 28 
CH, CH, 

C,H»— A— NO, C,H» C NO, 

Ar H 

Fio. 29 


NaOCH, 

C,Hf—C—NO, > / 

A 

(«| D - + 914* 

Fio. 27 


Since the Victor Meyer reaction between an alkyl halide and silver 
nitrite is known to produce an alkyl nitrite as well as a nitro-alkane, a 
series of experiments was carried out with d-, and f-2-bromooctane. 
The optically active 2-octyl nitrite was separated from the active 
2-nitroOctane 12 (Chart II). It was again observed that d-, and 1-2- 
nitroOctane gave optically active salts which regenerated an optically 


CH, 

CiHi,—A—OH PB " 

A 

la) D - + 10.23° 


CHART II 
Dextro Series 
CH, 

A*NO, 


CH, 


C#HlJ —A—Br C.H„-C-NO,+C,H 


A 


(alp - " 33.10° 


H 

[a) D - + 16.84° 


CH, 

ir—b —ONO 
H 

[alp - + 8.17° 


active compound upon acidification. Bromination was also reported to 
produce an optically active bromonitro compound. 

10 Branch and Juxon-Dcelmun. J. Am. Chem. Soc.. 49, 1705 (1927). 
u Kuhn and Albrecht, Ber., 60, 1297 (1927). 

“Shriner and Young. J. Am. Chem. Soc.. 62, 3332 (1930). 
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The resolution 13 of phenylcyanonitromethane (Fig. 30) by means of 
brucine and conversion of this brucine salt into an optically active 
sodium salt (Fig. 31) was also reported in 1932. 


T 


CJJj—C—NOj 
H 


CN 
I 

OA-O-NOt 


(H Brucine) + 


CN 

(XH»—C—NOi 


Na + 


Fig. 30 


Fig. 31 


All these observations led to a reconsideration of the older formulas, 
Figs. 32, 33, 34, for the nitro compounds and their salts. 


/> 

RCH*—N 


Fig. 32 


/° 

RCH—sN—ONa 


Fio. 33 


RCH—N—ONa 

N)/ 

Fio. 34 


On the basis of the fundamental postulates of the electron theory 
(p. 1821), the formulas, Fig. 32 and Fig. 33, arc impossible, since they 
would place ten electrons in the valence shell of nitrogen. The classical 
formula, Fig. 33, proposed by Nef 14 for the salts obviously cannot 
account for their optical activity. The structure, Fig. 34, originally 
proposed by Holloman 13 and by Hantzsch and Schultzc,® has always 
been regarded as a possibility, but never generally accepted, chiefly 
because the existence of such carbazoxy rings has never been absolutely 
established. Figure 34 also does not satisfactorily explain the ready con¬ 
version of the salts into the bromonitro compounds. 

Since 2-methv 1-2-nitropropane docs not form a salt with sodium 
ethoxidc it is evident that the sodium alkoxide does not add to the nitro 
group. The electronic formula for the nitro compound is shown bv 
Fig. 35 and the formulas for the salts by Figs. 36, and 37. 'The anion, 
Fig. is optically inactive and would produce the dl -nitro compound on 
acidification. In Fig. 37, the a-carbon atom is asymmetric and treatment 
with acid would regenerate the original active nitro compound. 

The chief objection to such an assumption is the fact that racemiza- 
tion of the compound (Fig. 37) docs not occur readily. Shriner and 


11 Mills, J. S oc. Chem. I ml.. 51. 750 (1932). 
»* Nof. .Iwi.. 280, 203 (ISM). 

14 llolloniiui. lice. Irar. chim.. 13, -105 (1894). 
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R' . 

I •* 

R—C:N * 

I + : 

H 




R:C::N 



Na + 


R' :o 

•0 0 • 

R:C:N ' 

•• + • • 

rO 
• • 


Xa + 


Fig. 35 


Fig. 36 


Fig. 37 


Young ■= suggested that it must be stabilized by combination with the 
solvent, the anion forming a hydrogen bond with the ethanol (Fig_ 38). 
Evidence supporting this concept has been obtained by Ray and Palin- 
chakwho resolved 9 -nitro- 2 -benzoylfluorene with brucine. The brucine 
salt contained alcohol of crystallization, and hence this salt would be 



Fig. 38 


Fio. 39 


represented by Fig. 39. Neither the free or,-9-nit ro-2-licnzoylfluorene 

carbanion, stabilized by solva- 
tion, seemed reasonable enough at the time (192,-1930) because other 
optically active compounds such as the sulfoxides sulhn. estei*. 
sulfilimines, and sulfoniun. salts were known whose electronic structures 
placed an unshared pair of electrons at one apex of ^tetrahedron. Ho - 
ever, the development of the theory of resonance (page 1943) and its 
application to aliphatic nitro compounds leads to the view that the 
acidity of nitro-alkanas is a consequence of resonance stabilization of the 

u Roy and Palinchak. J. Am. CUm. Soc.. 62. 2109 (1940). 
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anion produced by removal of the a-hydrogen. The resonance forms 
of the anion are shown by Figs. 40 and 41. In fact, it is postulated that 


T 


R-C-NO, 

H 


‘ R' 

I 

R-C-NO, 


Fio. 40 


R 

I 

R-C 


/° 

-N Na** 

N)" 


Fig. 41 


the contribution of structure 41 is more important than that of the struc¬ 
ture of Fig. 40. From the resonance standpoint, therefore, the salts 
derived from optically active secondary nitro-alkanes should be optically 
inactive. 

This anomalous situation has recently been cleared up by Komblum, 
Lichtin, Patton and Iffland 17 who have shown that the Victor Meyer 
reaction is more complicated than hitherto believed. For example, the 
above investigators found that silver nitrite reacted with J-2-bromo- 
detane to produce not only d- 2 -nitrodctane and d-2-octyl nitrite, but 
also d-2-octyl nitrate, d-2-octanol, 2-octanone and other by-products. 
Moreover, the d-2-nitrodctane and d-2-octyl nitrate distilled together 
and could not be separated by fractionation. Treatment of the mixture 
of the two with aqueous alkali dissolved the nitro-compound but not the 
nitrate which was separated in the optically active form. The solution 
of the salt of the d-2-nitrodctane was optically inactive. The pure 
d-2-nitrodctane, obtained by treatment with cold 96% sulfuric acid 
which dissolved the nitrate, gave optically inactive salts upon treatment 
with sodium ethoxide and the bromo-nitrooctane produced by bromina- 
tion was also optically inactive. A similar series of experiments was 
carried out starting with d-2-bromodctane and again the carefully 
purified i-2-nitrodctane gave optically inactive salts. It thus seems 
evident that the salts of secondary nitro compounds should be repre¬ 
sented by the resonance structures of Figs. 40 and 41, and that they are 
not examples of optically active carbanions. 

w Kornblum, Lichtin, Patton and Iffland. J. Am. Chtm. Soc.. 69. Kobruary (1947). 
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A totally different type of molecule containing the optically active 
negative ion shown by Fig. 2 has been postulated by Wallis 3 as an 
intermediate in the following reactions which were carried out in liquid 
• 

““rSTfact that the compound (Fig. 44) is optically active would 
require the intermediate ion (Fig. 43) to retain its asymmetric configu¬ 
ration, and hence would indicate that the unshared pair of electrons acts 
as the fourth group at one apex of the asymmetric carbon atom ( ). 
The alkylsodium, Fig. 43, was not isolated. If its formation involve* 
a mechanism similar to that discussed for the Wurtz reaction (p. 386), 
then it should be a racemic form. It is possible that complete conversion 
of Fig 42 into the alkylsodium, Fig. 43, d.d not occur, and that the 




Fio. 42 rio. 

final optically active compound was produced by reduction of the 
thioglycolic acid derivative upon addition of the j*"®® dC ° 

the sodium in liquid ammonia. Even if this should t* the ca^ the re- 
action still involves the replacement of the-SCH 2 C0 2 I I 8™P th * 
asymmetric carbon atom by hydrogen, and '■‘cans that the n e^od,- 
ates, whatever they may be, retain the.r tetrahedral configuration. 
Certain sulfones constitute another class of compounds which react 

with alkalies to produce salts in which the negative ion . a ca ban 

In order that salts may be readily formed at least two sulfonyl groups 
should be attached to a carbon atom which carries a hydrogen atonn 
Thus, Shriner, Struck, and Jorison," from a study of he Properties °f 
methylenediphenyl disulfone, Fig. 45, concluded that saltformat on 
leads to the carbanion, Fig. 46. These salts may be readily alkylated 


:0: H :0: 

C«H&:S: C :S:C e H 6 

: 0 : ’ : 0 : 

• ■ •• 4 

Fia. 46 


Na + + H,0 


:0: H :0: 

C«H&:S: C :S:C.H»+ NaOH - 

so: H :0: 

•• •• 

Fia. 46 

and brominated, but give no color with ferric chloride solution. The 
sulfone, Fig. 45, does not react rapidly with bromine in carbon tetra- 

“ Shriner. Struck, and Jorieon. ibid.. 62. 2000 (1930). 
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chloride solution, and also gives no color with ferric chloride solution. It 
should be noted that in these molecules the oxygen atoms are attached 
to the sulfur atoms by semi-polar bonds, and hence no true enol forms 
may exist, since such a structure would place ten electrons in the valence 
shell of sulfur. These molecules constitute specific cases in which the 
residual negative charge of the carbanion undoubtedly resides on the 
central carbon atoim/'That this effect is due to the sulfonyl groups and 
not to the phenyl groups was shown by Shriner and Stutz 19 from a 
study of methylene di-n-butyl disulfone. Arndt and Martius 20 reached 
similar conclusions regarding the non-enolization of disulfonylmethanes. 
If the structure, Fig. 46, for these salts is accepted, then a properly 
substituted unsymmetrical disulfone should yield salts of the structure 
shown in Fig. 47, which should be capable of existing in optically active 
forms. 


:0: R :0: 
RsS: C :S:R' 


Na + 



: 0 : 

• • 

Fio. 47 


The studies on the sulfoncs have involved the synthesis of properly 
substituted disulfones in an optically active state, and then conversion 
into salts in order to determine whether the salts, corresponding to Fig. 
47, were optically active. 

Kipping 21 synthesized the disulfones shown in Figs. 48, 49, 50, and 


51. 


CHaC«Hs 

HOaC^ ^SOa^HS O.0CH, 

Fio. 48 


CHaC®H6 

HOaC^^SOa^HSOaCHa 
Fid. 49 


SC«H* 

HOaC^~^SOa(l:HSOa^~~^>CH3 


SC*Hs 


HOac/ - \sOaisO2CH3 

(!?Ha 


Fio. 50 


Fio. 51 


The first three of these compounds could not be resolved, but the 
fourth (Fig. 51) was resolved into d- and /-forms by means of brucine 
and Z-menthylamine.. This disubstituted sulfone, Fig. 51, is quite stable 
to acids and alkalies. 

Shriner and Stutz. ibid., 55. 1242 (1933). 

,0 Arndt and Martius. Ann.. 499. 228 (1932). 

11 Kipping. J. Chem. Soc., 18 (1936). 
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tapping 21 was successful in resolving the thiosulfones, Figs. 52 and 
54, into their optically active forms. Oxidation of the optically Mbit 
forms, Figs. 52 and 54, produced the disulfoncs, Figs. o3 and do, re. pee 


HO,c/^Vo.AhS^J - 

Fio. 52 
CH, 

ho^hsoO 


Fio. 53 


CH; 


ho^hOh. * 

Fio. 54 

CHj 

hoiC^so.Ahso.Qch. 

Fio. 55 

ISssiiBl 

o,ih i **■ s2 ' ,h '” d "“ i 11 

A study 1p ' p . jd elution or in sodium hydroxide solution 

did not racem.se in acetic and prosont . lf morc than 0 nc 

as long as on y ^c cqmvnlcn^. of occurrcd rapidly . 

Estcrffication St * P™*«- 

“'‘SaTment^f thbicr with small amounts of sodium methoxidc 



CH, 

II 

Fio. 56 


NaOCH» 


CH,0,C' 



396 


ORGANIC CHEMISTRY 


caused racemization, which indicated that the carbanion, Fig. 57, did 
not retain its asymmetry. 



Fio. 67 


Ashley and Shriner * prepared ethyl J-a-phenylsulfonbutyrate (Fig. 
58), and found that treatment with sodium ethoxide caused immediate 
racemization, even though the reaction was carried out at —10°. Evi¬ 
dently the carbanion, Fig. 59, immediately racemized or tautomerized 
to the enolate ion, Fig. 60. The latter explanation appears more prob¬ 
able. 


CjH* 


C.H 4 SO 




NoOCjH* 


CjH» 


C.H.SO 




Na + + CjH»OH 


Fxo. 68 


Fio. 69 


1 



Fio. 60 


\jn 1931, Gibson M succeeded in synthesizing three unsymmetrical 
trisulfoncs with the structures shown in Figs. 61, 62, and 63. 


CeHjSO**^ 
CjHfcSOi—CH 

CHaSO^ 
Fio. 61 


C«H*SO*^ 

p-CHjCeHiSOT—CH 

CHaSOa^ 
Fio. 62 


C«H*SO^ 

CH*SOa—CH 

3,5-CliCeH.SOi/ 

Fio. 63 


Ail three of these sulfones were distinctly acidic and readily formed 
salts with alkalies. The brucine salt of the compound, Fig. 61, was 
readily prepared and crystallized, but decomposition with ammonia 
gave an inactive salt. Attempted resolutions with the active hydroxy- 
hydrindamines also failed. The trisulfoncs, Fig. 62 and Fig. 63, failed 
to produce crystalline salts with alkaloids, and could not be resolved. 

^Certain rearrangements (p. 981) involving optically active radicals 
have been carried out. Jones and Wallis* 4 studied the Curtius re¬ 
arrangement, and Wallis and Nagel 26 the Hofmann rearrangement of 

** Ashley and Shriner, J. Am. Chem. Soc.. 54, 4410 (1932). 

” Gibson. J. Chart. Soc., 2637 (1931); Chem. Rev., 14, 431 (1934). 

54 Jones and Wallis, /. Am. Chem. Soc.. 48. 1C9 (1926). 

” Wallis and Nogel, ibid., 53. 2787 (1931). 
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optically active azides and amides. The reactions are summarized in 
Chart IV. CHART IV 


CH, 


C,H»CH 


A 


O 

N, 


CH, 




M» - + 3°- 77 ° 

CH, r CH, 0 

| c ‘ h,ch, “^ c \n 

(«1 D - + 38.04* 


CH, 

C.H.CH.-A—N=0=0 

A 

|„| D - + 28.75° 

hci]h,o 

CH, 

C.H.CH,-A-NH,HCI 

A 

Wo - + '»•«' 


The point to be noted is that, in the rearrangement of the intermedi¬ 
ate compound in the brackets, the .symmetric carbon atom must de¬ 
tach itself from the carbon of the carbonyl group and attach itself to the 
nitrogen atom. The fact that the final amine is opticaUy 
that the intermediate retained its asymmetry. It appears that the 
optically active radical migrates with its pair of 

actually separating as a carbanion. Recently Lane and Wallis ha\e 
found that the Wolff rearrangement of optically active diazoketones 
also produces optically active products provided that no cnol.zable a- 

STSSk »vo», w .io» I,™ -jw «. 

have had for their primary purposes the elucidation of the question of 
the ODtical stability of carbonium ions and the mechanism of the reac- 

tLSS a i.rgc »" h rc r“”.r, 

studied in connection with the Walden inversion Bulmann for 
example represents the formation of the active lactic acids from the 
optically active a -bromopro P ionie acid., by the following equations and 
ascribes the failure of the intermediates to racemize ehargos on .he 

dipolar ion (p. 1088) (Fig. 64). McKenzie and Clough and later 

Br r r r 

-» l_CH»—CHCOjJ Ag* + H>0 

i 

T OH T 


CHj—CHCOiH + Ag + [OH] 


L 


CH>—CH—CO 


J 


IOHI 


r . t 

LCHj—CHCOtJ 
Fio. 64 


+ AgBr 


»• Lane and Wallia. /■ Org. Chcm.. 6. 443 (1941). 

" Biilmann, Ann.. 388. 330 (1912). 

« McKenzie and Clough. J. Chtm. Soc.. 103. 687 (1913). 
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McKenzie, Roger, and Wills 29 after reviewing numerous reactions con¬ 
clude that the free electric charge can stabilize the configuration of a 
tercovalent carbonium ion. 

Kenyon and Phillips 30 studied the rearrangement of the active 
sulfinic ester shown in Fig. 65. The product of the rearrangement was 
the optically inactive sulfone, Fig. 68. 


H 

CgHgiCzO! S :CflH 4 CH 3 

H.C ’*:0: 

• • 

Fio. 65 


H ' 

+ 

■ 

CflH*:C 


:0:S:CeH 4 CH 3 

• • 

ch 3 


":0: 

• • — 


Kio. 66 Fig. 67 

H:0: 

C«H ft :C: S:C®H 4 CH 3 

H»C:0: 

• • 

Fio. 68 


The rearrangement occurs spontaneously, and no reagents are in¬ 
volved, hence the process may involve a momentary separation into the 
positive carbonium ion, Fig. 66, and the negative sulfinate ion, Fig. 67. 
In the starting material both the carbon and sulfur atoms are centers of 
asymmetry, but dissociation causes the formation of the symmetrical 
sulfinate ion (Fig. 67) so the sulfur loses its asymmetry. Since the sulfone 
was inactive it follows that the carbonium ion also underwent racemiza- 

tioriv/ 

( Some of the most interesting types of carbonium ions are the halo- 
chromic salts which are produced when triarylcarbinols are dissolved in 
strong mineral acids. These salts, which may be isolated in the solid 
state, arc formed by the elimination of a molecule of water from the 
carbiuol and the acid. They arc ionic compounds, the positive charge 
appearing on the carbon atom, and hence are called carbonium salts. 
For example, triphenylcarbinol yields a colored salt with sulfuric acid 

(C«II»)jCOH + H*S0 4 — [(C*ir fc )iCj + [S0 4 H]" + H 2 0 

and the tri-p-methoxy derivative yields a salt even with aqueous hydro¬ 
chloric acid. 

^OH 3 o COH + HC1 — [(-OH Cl- + H,0 

*• McKenzie, Roger, nnd Wills, ibid., 779 (1920). 

10 Kenyon nnd Phillips, ibid., 107G (1930) 
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It should be noted that these salts are separate and distinct com¬ 
pounds in contrast to triphenylchloromethane, (C 6 H 5 ) 3 CC1, which is not 
colored and not a salt. It does form a colored carbonium complex with 
aluminum chloride with the formula [(C 6 H 5 ) 3 C]^ [A1C1 4 ] . Since the 
salts are highly colored it is probable that tautomerization to a quinoid 


form occurs. 

((CeH 6 ) 3 C] + [SO 4 H]- 


fCeH 


LC*H* 


>-Q< h ] Wi 


"''The preparation of optically active triarylmethane derivatives is 
very difficult, and only a few such compounds are known. Wallis 11 
prepared and resolved phenylbiphenyl^-naphthylmethylthioglycohc 

acid (Fig. 69). Gomberg and Gordon ” showed that the halochromic 
salts of this active triarylmethane derivative are optically inactive. 

-Wallis and Adams 1 made the interesting observation that silver 
nitrate in aqueous acetone solution converts the compound, Fig. 69, 
into an optically active carbinol. The intermediate may be the positive 
carbonium ion, Fig. 70, and must retain its asymmetric configuration 
in order to produce the active carbinol, Fig. 71. 


C.H, 

C.H.C.H.—C—SCHjCOjH 

CwH»(«) 

Fio. G9 


Ce H* 

I 

C.HiCfH«—C 


[NO,] 


C w H,(a)J 
Fio. 70 


H^> 


Cells 

I 

C«H$C«H4—C—OH 

CioH?(a) 


M» - - 5.4* 


Fia. 71 


McKenzie, Roger, and Wills 11 have carried out a semi-pinacolinic 
deamination of an optically active amino alcohol. The transformations 
may be indicated as follows 

(!) C.H* 

dll—'A—<A-C.H. 

A i.H. . 


Nil, OH 


CH: 


✓ 


—• CHj—i—C—C#H* 

A 

\dtxtro\ 


A A.h. 

*' Wallis, J. Am. Chem. Soc.. 63. 2253 (1931). 

” Combers and Gordon, ibid.. 67. 119 (1935). a . , 

"McKenzie, Roger. ...d Will., J. Chtm. Hoc.. 779.11928); Roger nod McKooz.c, D,r. 

62, 272 (1929). 
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Here the intermediates retain their asymmetry even during the 
migration of the phenyl radical. The stabilization of the intermediate 
radicals is ascribed to the charges present. 

The pinacol-pinacolone rearrangement has also been studied by 
McKenzie, 34 who succeeded in obtaining optically active ketones from 
active glycols, as indicated in the following reactions: 


H CH 2 C«H 6 

a-CjoHy—C—C—CH 2 C«H* -» 

I I 

OH OH 
( 1~>1 


H CH 2 C«Hi 

CjHi—C—C—CH jC.H t — 

I I 

OH OH 

[dextro ) 


H CH 2 CeH 6 

a-CioH;—C—C—CH 2 CeH6 


i 


0 

I 


+H*0 


H CHjCeHfc 


a-CioH 



CH 2 C«H* 


H CHjCeHs 

I I 

C#H*—C—C—CHiCeHs 

I I 

O 

i 1 

H CHtCeH* 

I I 

C«H*—C—0=0 

I 

CHt 

I 

C.H, 

[dexlro] 


+h 2 o 


The intermediates apparently retain their asymmetry and may con¬ 
tain a carbonium carbon but the exact mechanism has not been estab¬ 
lished. ^ 


PART X. OPTICAL ISOMERISM OF ELEMENTS OTHER THAN CARBON 

The general principles outlined in the previous discussion of carbon 
compounds apply equally well to compounds containing other elements. 
For optical isomerism to exist, the molecule must be asymmetric, and 
this asymmetry may be achieved by the general structure of the entire 

51 McKenzie, J. Soc. Chem. Ind., 80, 920 (1931). 
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molecule or by an individual asymmetric atom. As has been indicated 
in the introduction, optical isomers of compounds of many elements are 
known The synthesis and resolution of these asymmetric molecules 
have almost always involved the presence in the molecule of substituted 
hydrocarbon groups or radicals, and hence they are of interest and 

importance to the organic chemist. ... 

The elements which give rise to optical isomerism in their compounds 
may be classified into three groups according to whether the spatial dis¬ 
tribution of their valence forces is tetrahedral, octahedral, or planar. 


Elements with a Tetrahedral Distribution of Their Valencies 

The tetrahedral group will be considered first, and the isomerism of 
compounds of each element discussed. In fact, it is the existence of 
optical isomers of the compounds of these elements which has led to the 
conclusion that their valencies are tctrahedrally d.stnbutcd. Such ele- 
ments arc: 

Si, N, S, Se, Tc, Sn, Gc, P, As, B, Be, Cu, Zn, Pt, Pd 


Silicon. This element is in the same group of the periodic table 
as carbon, and is tetravalent. It forms a series of hydrides or silanes, 
SiH„ SijH e , Si 3 H 8 , and Si,H,„, analogous to the paraffin hydrocarbons. 
Various alkyl silanes have been prepared, and if the four groups are dif¬ 
ferent the silicon atom becomes asymmetric and optical isomers become 
possible. In 1910, Challenger and Kipping' prepared and resolved the 
tetrasubstituted silane shown in Fig. 1 by crystallisation of the brucu.c 


CjHh-^ ^CHiCelU 

A ch O- 

Fio. 1 


CaH;' 


salts. In earlier investigations = the more complicated silicon com¬ 
pound shown in Fig. 2 was prepared. It should exist in two inactive 


C*H» CaH 6 




\=/ 


i,H, i 
Fio. 2 


1H7 


* Challenger and Kipping. J. Chtm.Soc. 

* Kipping, ibid., 91. 209 (1907); Luff and Kipping, ibtd.. 93. 2090 (1908). 
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forms corresponding to a meso and a racemic modification. Evidence in¬ 
dicating the resolution of a form corresponding to the latter into the dr 
and Worms was obtained by means of the d-methylhydrindamine salts. 
From a stereochemical point of view, therefore, this compound is anal¬ 
ogous to tartaric acid. 

Nitrogen. The stereochemical nature of nitrogen in its compounds 
has been more thoroughly investigated than that of any other ele¬ 
ment with the exception of carbon. Numerous arguments and discus¬ 
sions concerning the distribution of the valencies in trivalent and so- 
called pentavalent nitrogen compounds have appeared in the literature, 
and many spatial models of the nitrogen atom have been proposed. In 
the light of present-day knowledge of molecular structure, much of this 
material is now incorrect. Hence, the discussion of the stereoisomerism 
of nitrogen compounds which follows is not entirely an historical r6sum6, 
but an attempt to set forth the modern viewpoint and to interpret the 
past experimental evidence. 

Trivalent Nitrogen Compounds. The electronic formulas for ammonia 
and a tertiary amine are shown in Figs. 3 and 4. If the nitrogen atom is 


H R 

h:n: r'in: 

•• 

H R 


Fio. 3 Fio. 4 

tetrahedral, then a tertiary amine with three different groups should be 
capable of existing in the optically isomeric forms shown by Figs. 5 and 6 
in which the nitrogen atom is represented by the tetrahedron. The three 
different radicals are placed at three of the apices, and the fourth apex 
contains the unshared pair of electrons. 

The history of the attempts to resolve ^substituted nitrogen com¬ 
pounds is a long, interesting chapter in organic chemistry. In fact, the 
early investigators were doomed to disappointment before they started. 
They attempted to resolve cthylbenzylamine, benzylhydroxylamme, 
methyl aniline, tetra hydroquinoline, and tetra hydropyridine, which are 
secondary amines (Fig. 7) and form salts having symmetrical cations of 
the ammonium type (Fig. 8) and, therefore, are not resolvable. These 
early investigators regarded the nitrogen in ammonium salts as penta¬ 
valent, and all valencies equivalent. In these early attempts, d-tartanc 
acid was used exclusively as the resolving agent. 


R R 

• • 



d-lot id I -form 

Fio. 5 Fio. 6 
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This error, however, was quickly rectified by later investigators who 
attempted to resolve the following tertiary amines: met hylethy 1-/3- 




naphthylamine, methyl-n-propylaniline, benzyl-p-n,.robenzylhydrox> - 
amine and kairolin by means of d-camphor-10-sulfon.c acid or d-i- 
bromocamphor-8-sulfonic acid. The results were -o'ally negaUve^ 

Wedekind and Klatte» studied the d-camphor-KVsuUon.c «d 
and d-3-bromocamphor-8-sulfonic acid salts of -pheny -2,3-d.methj - 
4-(mcthylethylamino)-5-pyrazolone (F.g. 9). and l-phenyl-2,3-dimethj I- 
4-(methylbenzylamino)-5-pyrazolonc (F»g. 10). 

ph C*H*CH*v „ 

c ’ h ‘\ n _c_c-ch, I 

CH ^0-i A-ch. oJ 

\ N / 

c.h. io 

Fio. 9 FI ° 10 

Although fractional crystallization of these salts »howedchangesinthe 
rotatory values of the fractions, decomposition of the salts gave only 

the ip C to thiSe practically all the attempts to resolve trisubs,ituted 
nitrogen compounds had been carried out by addition of the active■ acid 
to the "asymmetric” nitrogen atom to produce the salt. Other investi¬ 
gators, realizing that this was undesirable, used a group other than 
that of the "asymmetric” nitrogen atom as the resolving subst. uent 
This modification gave only negative results since the d-,ar rates of 
p-tolylhydrazine * (Fig. 11) and bcnzylphei.ylhydrazinc (F.g,12) could 
not be resolved. Jones and Millington • usmg d-camphor-10-sulfomc 

* Wedekind and Kiatle. Drr., 60. 2326 (1927). 

4 Kraft, Brr.. 23. 2780 (1890). 

•Behrend and Konig. Ann.. 263. 184 (1891). w 

• Jones and Millington. Proc. Cambridge I hxl. boa 12. 489 (1904). 
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acid in place of tartaric acid, repeated the attempt to resolve benzyl- 
phenylhydrazine, without success. They also prepared methylethyl- 
anilinesulfonic acid (Fig. 13) which could not be resolved with brucine. 
Meisenheimer 7 and co-workers were unable to resolve N-phenyl-N-p- 
tolylanthranilic acid (Fig. 14) and N-phenyl-N-a-naphthylanthranilic 
acid (Fig. 15) into their antipodes through the strychnine, brucine, 
morphine, and quinine salts. 

CjH®^ ^/CH, 


CH 



KH—NH« 


C,H 6 —CH 


CeHfc' 


>- 


NH, 



Fio. 11 



Fio. 12 
CO,H 


SO,H 
Fio. 13 


H; 


O-C 


CeH$ 

oH 7 (a) 

Fio. 15 


All the sulfonium salts which had been resolved contained the 
—CH 2 CO—grouping, and as a consequence Meisenheimer 7 and co¬ 
workers prepared a number of amines of the type R'R" NCH 2 COR in 
hopes that they would be resolvable. However, the d-3-bromocamphor- 
8-sulfonic acid salts of N-mcthyl-N-ethylacetonylamine (Fig. 16), 

CH, CH, 

^ N- CHsCOCH, ^ N- CHjCOCeH, 

C,H, C,H, 

Fio. 16 Fio. 17 


CO 

CHjCOCHj (ilHiCOCsHj 

Fio. 18 Fio. 19 

N-methyl-N-cthylphenacylamine (Fig. 17), N-acetonyltetrahydroquino- 
line (Fig. 18), and N-phenacyltetrahydroquinoline (Fig. 19) gave com¬ 
pletely negative results. 

7 Meisenheimer, Angermann. Finn, and Vieweg. Ber., 67, 1745 (1924). 
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By analogy to the oximes, Denncr 8 believed that asymmetrical 
hydroxylaminea of this type would be capable of "sdlution H.s en¬ 
deavors to prepare active methylethylhydroxylaminc (Fig. 20), me h> l- 
benzylhydroxylaminc (Fig. 21), or mctbylbenzyloxy-p-amlinesulfomc 
acid (Fig. 22) were not successful. CHj 

N—OCHjCeHt 


CH,v 

>N—OH 

c,h/ 


CH 


C«H«CHi 


>-° h 



Fio. 20 F, ° 21 

Kionine and Sal way » introduced still another modification in the 

t? as rr r tsr=-w 

CU R CH, /O 

C.H.CH^a + - CiHiCHi-^i C— N R + 

A A H 

Fio. 23 F '°- 24 

atSfcsn®- 



CH 


ca ca 


CH, 
H 

Fio. 26 


CH, 

i 

H 

Fio. 27 


• Denner. Dictation. TQbingcn (1930). 

• Kipping and Salway. J.Chtm. ‘ ^ A cA«m.. 14. 207 (1930). 

19 Frercjacquo. Compt. rend.. 187. 8U4 UWW. 
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and their acyl derivatives shows that they contain an asymmetric carbon 
atom, and also an "asymmetric” nitrogen atom. Two racemic forms 
or four optical isomers should exist. The fractional crystallization 
of the d-camphor-10-sulfonic acid and d- 3 -bromocamphor- 8 -sulfonic 
acid salts was studied by Pope, 11 and found to result in the production 
of two active forms only, which are due to the asymmetric carbon 
atom. 

Hayashi 12 prepared a compound (Fig. 28) in which all three va¬ 
lences of the nitrogen atom were tied up in a complex ring system. At¬ 
tempts to resolve this compound were unsuccessful. 

Cpp 

<tr 

Fio. 28 


Groth and Holmberg 1 * prepared 2-thion-4-methylthiazoline-3- 
acctic acid (Fig. 29), but could not resolve it with d-phenylcthylamine. 

S 

Jb -N—CHjCOaH 

^'CH“"C—CHj 
Fio. 29 


Stewart and Allen 14 studied the resolution of tertiary amines at 
very low temperatures, but were unable to resolve ethylbenzylaniline 
with cither d-camphorsulfonic acid or d-bromocamphorsulfonic acid 

at —78° C. „ t t 

If the configuration of the molecule could be fixed, then resolution 

should be successful. The possibility that heavy negative groups, 
such as acyl or sulfonyl, would be less mobile than alkyl or aryl groups 
led Schreiber and Shriner 15 to prepare the following unsymmetrically 
substituted p-phenylenediamine derivatives (Figs. 30, 31, and 32) and to 
study their resolution by means of d-camphor-10-sulfonic acid. In 

n p 0 p C ttn d Clark. J. Chem. Soc.. 85. 1330 (1904); Pope and Beck, ibid.. 91. 45S 
(1907); Pope and Road, ibid.. 97. 2199 (1910). 

» Hnyashi. Bull. Inst. Phys. Chem. Research {Tokyo), 9. 070 (1930). 
u Groth and Holmberg, Ber., 56. 2S9 (1907). 

»« Stewart and Allen. J. Am. Chem. Soc.. 54. 4027 (1932). 
i* .Schreiber and Shriner. ibid., 67, 1306. 1445, 1896 (1935). 
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these compounds, salt formation takes place at the free p-amino group 
and hence salt formation should not disturb the spatial arrangement 
about the tertiary nitrogen atom. 

ch,co Xn/ so 1 c.h. C.H.SO^/SO.CH, C.H.SO^/SO.C.H.CIU,,) 





These salts were shown by analysis to consist of one ...ole of the base 
and one mole of the «/-cn.nphor- 10 -sulfonic Mid. Upon s.udymg the 
optical rotation of these salts it was discovered that methanol ethanol, 
or chloroform solutions of these compounds exh.b.ted 
This mutarotation (cf. p. 307) was shown to be due to a react or «^ 
primary amino group with the keto group of the rf-camphor-lO-sUlfomc 
acideforming ketimines. Decomposition of the salts or ket.rn.nos always 

g8V F^^Ii^! «he brucine salts of the substituted imide. 
Fig 33 also failed to yield diastcrcoisomcnc salts. The compound. 
Fig. 34, N (f-mcnthoxyacetyD-saccharin, contains three acyl groups 

CO C0 

(0Q)n-CH,C O ,H N COCH,OC.„Hi, 

S0 ’ ,, Fio. 34 

I io. 33 

attached to the nitrogen. Fractional crystallisation failed to yield 

dia ?romr 0 ecenTstudies on the resonance (p. 1950) of electrons between 
differcnT Itoms in a compound, Pauling “ has suggested that com¬ 
pounds having phenyl or acyl groups attached to mtrogen may no b. 
resolvable, owing to resonance between the unshared pa.r of electrons 
on the nitrogen and the adjacent unsaturated groupmgs (I .g. 35). 

n H 

R:N 



R:N: # : 

C::0: 

.« • 

R 

Fio. 35 

11 Pauling, J. Chem. Phy».. 1. GOO <1933». 


C:0: 
• • •• 
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Mumm and Herrendorfer 17 reported the isolation of two racemic 
forms of the dicyanodihydroquinoline to which were assigned the 
structures shown in Figs. 36 and 37. The compounds were produced by 
the action of cyanogen bromide and hydrogen cyanide on quinoline. 


Fio. 36 Fio. 37 

Pairs of Lsomerides were also obtained 18 with 3-methylquinoline, 
6 -methylquinoline, 6 -methoxyquinoline, and 0 -naphthaquinoline. Both 
the isomerides of Figs. 36 and 37 gave quinoline-2-carboxylic acid upon 
treatment with hydrochloric acid at 150°. Both isomers yielded 2- 
cyanoquinoline by the action of iodine in chloroform in the presence of 
sodium acetate. Iodine in alcoholic pyridine solution converted them 
into the same apocyaninc dye (Fig. 33). 

CN 


ccr* 



The continued persistence in the attempts to resolve a trivalent 
nitrogen compound, in view of the astonishing number of failures, can be 
accounted for only by the convincing, indirect evidence for the tetra¬ 
hedral structure of the nitrogen atom. This evidence may be summa¬ 
rized briefly. 

The tetrahedral structure of the nitrogen atom is indicated by the 
classes of compounds known ns nitriles (Fig. 39) and the diazonium salts 
(Fig. 40). Since the tetrahedral structure for the carbon atom is well 
established, the ease of formation and stability of the nitriles in which 
three valencies of carbon are attached to three valencies of nitrogen is 
indicative of a tetrahedral structure for nitrogen rather than a planar one. 

17 Mumm and Herrendorfer. Ber., 47, 75S (1914). 

>« Mumm, Ludwig. Lu, and Radenhausen. Ann., 614, 34 (1934). 
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In the second place, it is well known that a nitrogen atom may be 
substituted for a =CH— group, or an —NH— group for a —CH 2 — 



Fio. 39 Fio. 40 

radical. Such substitution may even produce an increase in the relative 
stability of the analogous compounds. This is well demonstrated by 
comparing benzene and pyridine (Fig. 41), hexahydrobenzene and 
piperidine (Fig. 42), cyclopentadiene and pyrrole (Fig. 43). It appears 
to be logical that, if a tetrahedral group is replaced by a second group 
without a decided change in stability of the resulting compound, the 
second group must be tetrahedral or nearly so. Such compounds as 
the tetrazolcs, Fig. 44, could not possibly form if the bonds of the m- 


oo 

H 


H* 


H 


Fio. 41 


Fio. 42 


Fio. 43 


H 

Fio. 44 


trogen atom all lie in the same plane. Recently it ha been_ shoun 
from x-ray data that the nitrogen atom in hexamethylenctetran mc 
(Fig. 45) lies at the peak of a three-sided pyramid with a carbon atom 
at each comer of the base. The presence of U* n. rogeri atom in a 
complex ring system of thequinuclidine type (Fig. 46 ) .or m such com 
pounds as those shown in Fig. 47 and Fig. 28, ma es 



Fio. 45 - 

that the nitrogen atom be tetrahedral, since these compounds are very 
stable. 
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In contrast to the fact that no trivalent nitrogen compounds have 
been resolved are the numerous pairs of syn and anti oximes (Figs. 48 
and 49) which can be explained only on the basis of a tetrahedral nitro¬ 
gen atom. The resolution by Mills 19 and his students of the compounds 
shown in Figs. 50, 51, 52, 53, and 54 is further proof that the three 
valencies of the nitrogen are not coplanar. The oxime, Fig. 50, would 
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II 
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Hv /CH 2 —CH-v 

XcK-CH >f 
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H—N—CONH 2 


Fio. 52 


/ ch n 

CH 2 CH—S\ 

I I >C=N 

ch 2 ch—s x 

\ CHj / H—N—C»H«N 

Fio. 53 



I 

C0 2 H 

Fio. 54 


possess a plane of symmetry if the hydroxyl group extended straight out 
coaxially with the carbon-double-bonded-nitrogen linkage. 

Consideration of the physical properties of ammonia, the amines, 
and other trivalent nitrogen compounds also points rather conclusively 

»• Mills and Bain. J. Chcm. Soc.. 97. 1866 (1910); ibid.. 105. 64 (1914); Mills and 
Saunders, ibid.. 537 (1931) ; Mills and Schindler, ibid.. 123. 312 (1923). 


OPTICAL ISOMERISM 


411 


to a non-planar arrangement of the nitrogen valencies and supports the 
tetrahedral structure. 1 " Ammonia and the amines possess considerable 
dipole moments which are most readily explained on a tetrahedral basis. 
The principal moments of inertia of the ammonia molecule have been 
calculated from studies on its infra-red absorption spectrum, and these 
data indicate a tetrahedral shape. The exact dimensions of the ammonia 
molecule have been determined:"' the perpendicular distance from the 
nitrogen to the center of the face Is 0.34 to 0.36 A, the length of the N-H 
distance is 1.01 A, and the distance between any two hydrogen atoms is 
1.64 A; the angle between the nitrogen valencies is 108 to 109.o . Studies 
on the crystal structure of solid ammonia by x-rays » and theoretical 
calculations"" point to a tetrahedral arrangement. Also, the dipole- 
moment studies "* and observations on the vibration spectra - of hydra¬ 
zine indicate a non-planar arrangement of the valencies of the nitrogen 


at °sfnce all the foregoing chemical and physical evidence points so con¬ 
clusively to a non-planar arrangement of the valences of tnvalent nitre- 
gen compounds, it seems that the failure to resolve suitably substituted 
derivatives of ammonia must be due to some particularly easy mode of 
racemization by a mechanism which requires very little energy 

Meisenhcimcr "• pointed out that passage of the nitrogen atom of a 
compound NRR'R" through the plane of the three substitucnts R R , 
and R", would produce the enantiomorphic form. If rapid vibration 
between the two positions shown in Figs. 55 and 06 takes place, on y 

R 


:K—R 



i 



Transient pUuar M«loo 


Fio. 56 


- Ni —• ■ ^ k - T * s ' ter - 
W «» „<>30,; W,i.hl and Randal,. »,d„ 44 

*“«££ and Pohland. Z. Kru,. «. 53Z «1M»; da Sn,cd«. BuU. 1. ocad. B,„.. 

15) 11. 056 (1026)- . .q.» iin-ui 

■■ Penney nnd Sutherland. J. CV-n. P* „ 

^Wnil^^r^rP^V^- ><■««'<» “• 1 (193l); Su “ 4 

Nature, 126, 916 (1930). R «<r 1747 (1924) 

“ Meiaenhoimer. Angermann. Finn, and V.c-.g, Ber.. 67. 1747 (««.>. 
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racemic modifications would result. A side view of this vibrational 
process is shown in Figs. 57, 58, and 59 in which the dots represent the 
three substituents on one face of the tetrahedron. 


Fio. 59 

Such a vibration of the nitrogen atom offers an explanation of some 
of the doublet structure of many of the lines in the absorption spectra of 
ammonia. 27 Wall and Glockler 28 have found that the theoretical and 
calculated values for the doublet separations for the parallel type fre¬ 
quencies of mono-, di-, and trideutero ammonias agree very well on the 
basis of such a vibration of the nitrogen atom. 

Calculations of the energy required to cause the nitrogen atom to 
pass through the plane of the hydrogen atoms have been made. The 
values 28,29,30 obtained range from a low of 6 kcal. 29 to a high of 11 
kcal. 30 per mole. For resolution to be possible at room temperature AE 
should be greater than 25 kcal. per mole. It thus appears that the 
resolution of an amine of the type NRR'R" is impossible at room tem¬ 
perature. On the other hand, the activation energy for N-methyl- 
ethyleneimine was calculated to be 38 kcal. per mole, and thus a resolu¬ 
tion of a properly substituted ethyleneimine appears possible. 80 The 
resolution of compounds of the types shown in Figs. 60. 61, and 62 

(CH,),C-C(C,H*), 

\/ 

N 

I 

R 

Fio. 62 

should be possible; a number of investigations 31 have been carried out 
on the synthesis and resolution of such compounds, but up to the present 

” Barker, Phys. Rev., 33. 6S4 (1929); Bndger. ibid.. 35. 1038 (1930). 

*» Wall and Glockler. J. Chem. Phys., 6. 314 (1937). 

19 Manning, ibid., 3, 130 (1935). 

50 Kincaid and Henriquea. J. Am. Chem. Soc., 62, 1474 (1940). 

3» Meiscnheimer and Chou. Ann., 639, 70 (1939); Adams and Cairna, J. Am. Chem 
Soc., 61. 2404 (1939) ; Mole and Turner, Chemistry d: Industry, 582 (1929); Maitland 
Ann. Repts. Chem. Soc. (London). 36, 243 (1939). 


(CH 3 )2C-CH, 

\/ 

N 

I 

SOjR 
Fio. 60 


(CH,),C-CH, 

\/ 

N 


R 

Fio. 61 



Fio. 57 Fio. 




OPTICAL ISOMERISM 


413 


time no positive results have been obtained. Difficulties are experienced 
in synthesizing the properly substituted ethyleneimines and also in 
obtaining crystalline derivatives suitable for separation. 

Quaternary Ammonium Salts. It is well established that in ammoni¬ 
um salts, such as ammonium chloride, the nitrogen is attached to the 
four hydrogen atoms forming the positive ammonium ion and the 
chlorine is present as the negative chloride ion with no direct union 
between the two except the electrostatic charge (Fig. 63). 

The fact that this fifth valence of nitrogen is an electrovalcnce and 
that the other four are covalencies was shown by Schlenk « who pre¬ 
pared the two compounds shown in Figs. 64 and 65 and found that these 


r H -1 + 

H:N:H 
• • 

H 

Fio. 63 


Cl" ((CH*) 4 N] + (C(C«H»)i]~ [(CHj)<N] + [CH 2 C 6 H*]- 

Fio. 61 F, °* 65 

compounds containing only alkyl groups behaved in a manner analogous 
to other ammonium salts when dissolved ... a suitable solvent. Thej 
conducted the electric current and showed all the evidences of ton.za- 

tK> Hager and Marvel» also demonstrated that five alkyl groups could 
not bTsimilarly attached to a nitrogen atom. The roact.onofl.thmm 
alkyls with quaternary ammonium halides produced unstable pen a- 
alkyl nitrogen compounds which immediately decomposed into hydro¬ 
carbons and tertiary amines, as expressed by the following type reaction. 

LiR' + (R.N] + I*r- — [RiN] + R'- + UBr 

R,N + CnIl 2 n <-2 + Cnllsn 

In no case wa-s the R' group furnished by the rxlkyllitbium ever found 
attached to the nitrogen of the tertiary ammo in the final product. 
Meisenheimcr« also succeeded in preparing the two .somenc com¬ 
pounds shown in Fig. GO and Fig. 07 which underwent decomposition ... 

the manner shown. 

[(CH a ),NOC 2 H,] + [OCHa]- -» (CH,) a N + HCHO + CjH t OH 
Fio. 66 

['CH,),NOCH,] + [OCaHa]- - (CHa) 3 N + C1I.CH0 CHaOH 
Fio. 67 

” Sch.cnW and Holt.. Be.. 49 60.1 

** Hagor and Marvel. J. Am. Oum. 48. .089 ( ^20). 

“ Meisenheimcr. Ann.. 397. 273 (1913); Henze. Dcr.. 70. 1270 (1937). 
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If the five valencies of the nitrogen were equivalent no isomers should 
have been obtained and the decomposition products should have been 
identical. 

With the recognition of the fact that the ammonium ion contains 
only four groups directly attached to the nitrogen atom, it is clear that 
quarternary ammonium compounds with four different groups attached 
(Fig. 68) should exhibit optical isomerism. The nitrogen atom of the 
ammonium ion should, therefore, be represented as a tetrahedron, 
shown in Fig. 69. It is evident that the negative ion plays no part in 
determining the asymmetry of the molecule. 


R 

+ 

I 

• 

j 

\ 

R': N: R'" 

X" 


--Y n'" 

R 


R X 

L/ R 



i 

i" 


Fio. 68 Fio. 69 


In 1891, Lc Bel 35 inoculated a solution of methylethylisopropyl- 
isobutylammonium chloride (Fig. 70) with PeniciUium glaucum and 
found that after a time the solution exhibited a specific rotation of —7 
to —8°, indicating that the mold had destroyed some of the dextro- 
isomer. 

In 1899, Pope and Peachey 36 succeeded in obtaining both the d- 

and Z-forms of methylallylbenzylphenylammonium iodide (Fig. 71). 


evu 

1 

CH,—N—C)H 7(1*0) 

+ 

CH^CH* 

1 

CH, 

1 

CH, 

ci- 

CII,—N—CHjCfH* 

CH(CH,), _ 


C*H, 


Fio. 70 Fio. 71 

The separation was accomplished by crystallization of the d-a-bromo-ic- 
camphorsulfonatcs and decomposition of the two salts by potassium 
iodide. Wedekind 37 resolved the cyclic compound shown in Fig. 72, 
thus demonstrating that two of the valencies of the nitrogen could be 

14 Lc Bel. Comi tf. rend.. 112. 724 (1S91); J. chim. /***/*-. 2. 340 (1904). 

"Pope ond Peachey. J. Chcm. Soc.. 75. 1127 (1899); Pope and Harvey, ibid.. 79. 
834 (1901). 

37 Wedekind and Wedekind. Bcr., 40. 4450 (1927). 
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members of a ring. However, compounds of the structure shown in 
Fig. 73 could not be resolved, and construction of the model of this 
molecule shows that the R group is in the plane of the two rings; this 
molecule, therefore, possesses a plane of symmetry and should be non- 

+ 


X 




resolvable. Many other quaternary ammonium salts have been re¬ 
solved, and there are now ...any examples of active quaternary ammon.- 
um ions.** Some of these are the following (Figs. 74, 75, and 70), where 
R - C 2 H s , 11-C3H7, ISO-C3H7, n-C.Hs, i S o-C,H 9 , or iso-CjH,,. 

CH,—CH=CH,' 1+ 


CH, 

I 

C«H,—N—R 


CHi 

I 

C»H»—N—R 
CH, 


CH—CH,J 
FlO. 75 


I 

CHi—N—R 



F 10 . 76 


CH,CJU. 

F 10 . 74 

Wedekind » obtained two forms of the molecule shown in Fig. 77 
corresponding to the >neso and racein.c forms. 

C,H» 


C*H, 

CH,—N—CH,CH,CH,—N CH, 


I 

CaH* 


C 2 H k J 


++ 


21 - 


Fio. 77 


T1 • r nitrofron in ammonium compounds is tetra- 

Unique froofthatnUrogenmam ^ 1925 when th suc _ 

hedral was furnished by Mills ana n - -i- 

ceeded in preparing and resolving 4-phenyl-4 -carbethoxy-b.s-p.pcndm- 

to ^ThU,. t?; . Wedekind and troUch. 38. 3438 (.90S,; 

100 * Wedekind and Wedekind. Her.. 43. 2707 (.9.0,; Wedekind and Con.,. Dcr.. 49. 
“• MUta and Warron. J. Ch,m. Soc.. 127. 2607 (1926,. 
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ium-1,1'-spirane bromide. This molecule has the nitrogen present as 
the spirane atom common to the two rings, as shown in the formula and 
space drawing, Fig. 78 a. With the nitrogen tetrahedral as represented 



Fio. 78a 


in this figure, the molecule is asymmetric and should be resolvable. 
However, if the nitrogen atom were pyramidal, as many early investi¬ 
gators believed, then the model of this compound would appear as shown 
in Fig. 786. This model possesses a plane of symmetry passing through 



Fio. 786 


the nitrogen atom and the groups in the 4,4'-positions. Its mirror 
image is identical with it, and no optical isomerism is possible. Since 
Mills succeeded in resolving the compound, it follows that the first 
spirane structure is correct and the nitrogen atom is tetrahedral. This 
spirane is analogous in every respect to the spiranes previously discussed, 
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in which a tetrahedral carbon atom occupies the position common to 

both rings. . 

The preparation of the two quarternary salts shown in Pigs. /9a and 
79 b has been reported by J. R. Johnson/® 6 The first compound (Fig. 


CH 3 


D'ta 



Fio. 79a 

79a) contains two similar asymmetric carbon atoms and hence exists in 
a <11 and a meso form, both of which were isolated. 

The second quartemury salt (Fig. 796) contains a pseudoasymmetr.c 
nitrogen atom and hence this salt should exist in one racemic modification 
and two meso forms. All three forms were isolated. 

Amine Oxides. These compounds, which have the general formula 
RaNO, may be prepared by two methods The direct action of 
hydrogen peroxide on a tertiary amine results in the formation of a 
hydrate (Fig. 80) in the solution. Evaporation of the solution Jields 
crystals of the amine oxide dihydrate, R,N0-2H 2 0, winch, upon gentle 
heating in a vacuum, loses its water of crystallization and combination, 
and yields the anhydrous amine oxide shown in Fig. 81. 


R 

R:N: + H,0* 
• • 

R 


R 

R:N:OH 
• • 

R 

Fio. 80 


R 

OH“ — R: N: O: + HjO 

• • • • 

R 

Fio. 81 


A second method of preparation is by the condensation of a d.sub- 
stituted hydroxylaminc with an alkyl iodide. The quaternary iod.de is 
treated with silver hydroxide and a hydrate is produced which upon 
drying in vacuo gives the amine oxide. The equations at the top of p. 418 

summarize the reactions. . . , , . * 11 - 

These amine oxides and especially their hydrates are crystalline 
solids readily soluble in water. Such solutions possess a rather low 
conductivity as compared with the quaternary ammonium h.vdrox.dcs. 
The structure shown in Fig. 82 represents the oxygen as held to the 
nitrogen by a semi-polar linkage: i.e., by a pair of electrons furnished by 

•» Johnson, Eighth Notions! Organic Chemistry Symposium, St. Louis, Mo. (1939). 
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the nitrogen atom. The evidence in favor of such a structure is based on 
a determination of dipole moments, parachors, and especially on Meisen- 
heimer’s observation that amine oxides containing three different R 


R:N:0:H + RI 


R:N:0:H I- 


AgOH 


R:N:0:H [OH] 


R:N:0: 
• • •• 

R 

Fxo. 82 


groups are capable of being resolved into optical enantiomorphs. The 
spatial formula for such molecules is shown in Fig. 83, in which the 
nitrogen atom is represented by the tetrahedron. The amine oxides form 

ft ft 



Id-form) f (Moral 

Fio. 83 


addition compounds with alkyl halides and acids, as indicated by the 
equations: 

RjNO + CH 3 I — [R,NOCH,]+ I" 

R,NO+ HX — [R,NOH]+X- 

Using the last type of reaction Meisenheimer 40c formed salts of 
asymmetrical amine oxides with d-bromocamphorsulfonic acid, sepa¬ 
rated the diastereoisomeric salts, and regenerated the amine oxides by 
means of alkali. In this manner, the following amine oxides were re¬ 
solved : 

C2H5 C2HJ CjHs 

CH 3 : if : o : CH a : N : 0 : CH a : N : 6 : 

CH, C*He” CioH,(a) 

CH 

n 

ch 2 

A/D-3° A/D-40 0 A/D-65° Md~ 88° 

Fio. 84 Fxo. 85 Fxo. 86 Fia. 87 

Mcisonheimer, Ber., 41, 3966 (190S); Ann., 385. 117 (1911); 428, 252 (1922); 449 
191 (1926). 
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It is noteworthy that the molecular rotations become higher as the 
differences between the groups become greater (Figs. 84, 85, 86, and 87). 

Sulfur. Sulfonium Salts. The reaction between sulfides and an 
active halogen compound produces sulfonium salts with the structure 
shown in Fig. 88. If the sulfur possesses a tetrahedral distribution of 

R/ 

R:S: + R":X: - R:S: sXf 

.. •• •• •• 

R"J 

Fio. 88 


its valencies and the unshared pair of electrons acts as the fourth group, 
then optical isomers are possible, provided that the R groups are drf- 

fCrC Thc resolution of sulfur compounds of this type was accomplished 
simultaneously by Pope and Peachey « and by Smiles « in.MOO. The 
addition of bromoacetic acid to methyl ethyl sulfide yielded meth>l- 
ethylcarboxymethylsulfonium bromide (Fig. 89). 


C,H» 

dial’s: + BrCHjCOjll 


C*H* 

CH*:S: 

CH* 

CO,H 
Fio. 89 


This bromide was treated with silver rf-camphorsulfonatc Ithe ssilver 
bromide was removed, and the resulting d-camphorsulfonatc (Fig. 90) 

C*H* -| + 

CH»:S: [OSOjCioHwO]” 

CH* 

I 

COiHj 

Fio. 90 

was recrystallizcd 40-50 times from an alcohol-ether mixture The less 
soluble salt proved to be the d-methylethylcarboxymethylsulfonmm- 
d-campho,-sulfonate which possessed a molecular rotation of Mu - +58 ■ 
The rotation of the camphorsulfonatc ion is +51.7 , which leates a 

n Pope and Peachey. J. Chem. Soc.. 77. 1072 (1900). 

** Smiles, ibid.. 77. 1174 (1900). 
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rotation of +16.3° for the optically active <i-sulfonium ion. Treatment 
with chloroplatinic acid removed the camphorsulfonate ion and gave 
the chloroplatinate (Fig. 91) which had a specific rotation of +4.5° and 
A/d of +30.2°. 

By a similar procedure, Smiles 42 obtained the picrates of the two 
active forms of methylethylphenacylsulfonium ions (Fig. 92) by crystal¬ 
lization of the d-bromocamphorsulfonates. 

d-form, ofD ■ +8.1° 
Z-fono, od D —9.2° 

Fio. 91 Fio. 92 



The mercuritriiodide and tetraiodide of the phenacylmethylethyl- 
sulfonium salt have been obtained in optically active forms and also 
the cadmiiodides. 43 Their formulas (Fig. 93) may be represented as 
follows: 

B + [HgI 3 ]- [B + ]i[HgI 4 ]“ [B+]*[CdI 4 ]- [B+MCdM- 


where B is 


CtH* 

CHjiS: 

CH* 

toC,H,J 

Fio. 93 


An attempt by Smiles 44 to secure optically active sulfonium com¬ 
pounds by the combination of methyl ethyl sulfide with Z-menthyl 
tt-bromoacetnle failed since the two diastereoisomeric methylcthylthc- 
tine bromide Z-menthyl esters were produced in equal amounts. 

Wedekinu 45 obtained two forms (m.p. 123° and 154°) of the com¬ 
pound shown in Fig. 94 which correspond to meso and racemic forms. 

CH, CH, “| ++ 

C 2 H 6 :S:CH 2 CH,:S:C,H 6 21“ 

•• 

Fio. 94 

This compound has two similar sulfur atoms acting as centers of asym¬ 
metry. 

41 Balfo, Kenyon, and Phillips, ibid., 2564 (1930). 

44 Smiles, ibid., 87. 450 (1905). 

44 Wedekind, Dcr., 68. 2510 (1925). 
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These optically active sulfonium ions of the general formula in Fig. 95 
are electronically similar to the negative carbanions, Fig. 96, discussed 


R 

+ 

R * 

R':S: 

x- 

R':C: 

• • 

R". 


R". 


Na+ 


Fio. 95 


Fio. 96 


on p. 388. In each case one corner of the tetrahedron is occupied by an 

unshared pair of electrons. . 

Sulfinic Esters and Sulfoxides. The resolution of sulfimc esters of the 
general formula RSOOR was of great importance, since it was the first 
case of the existence of optical isomers in a neutral compound containing 
only three groups attached to the central atom. In 1925 Philhps 
digested together the p-toluencsulfinatc of i-2-octanol and ethyl alcohol. 
A partial ester interchange took place, and by fractional distillation the 
optically active ethyl ester was obtained. The only structure capable of 
explaining the optical activity of this ester is that shown in F.g. 97 which 
must replace the old formula shown in Fig. 98. 


CH: 



:0: 

:S:0:CiH» 


CH 


O xo CjHi 


Fio. 97 


Fio. 98 


It is clear that in Fig. 97 the sulfur is asymmetric, whereas in Fig. 98 no 
asymmetry is indicated. In the same way. the optically active n-butjl 
ester of p-tolucnesulfinic acid was obtained. The process was also suc¬ 
cessful if lr menthyl p-tolucncsulfinatc was used as he starting material 
The fact that sulfur compounds of this genera structure may exist 
in optically active forms was even more strikingly confirmed by the 
resolution 47 of the three sulfoxides shown in 1'igs. 99, 190, and 101. 


CO.H 


: 0 : 


chQ.Q-*, 

,26 
•moi 

Fio. 99 


- ± 123 * 


46 

- * 1340 


Fio. 100 


CO.H 

Wg.i - + *“* 

Fio. 101 


«• Phillips, J. Cluw. Sue.. 127. 2652 
" Harritton. Kenyon, and Phillips. ih,d.. 2079 U»-o). 
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The disulfoxide shown in Fig. 102 contains two similar asymmetric 

co 2 h ococh 3 



CH*:S: :S:CH 3 

• • • • 

: 0 : : 0 : 

Fig. 102 



Fig. 103 


sulfur atoms and hence should exist in a meso and racemic modification. 
This prediction was realized experimentally by Bell and Bennett, 45 
who obtained the two isomers. One of them was resolved; the other 
resisted resolution. The two diastereoisomers of Fig. 103 were obtained 
by Maclean and Adams. 49 

The electronic formulas shown above for the sulfinic esters and sulf¬ 
oxides represent the oxygen attached to the sulfur as a semi-polar oxy¬ 
gen. This linkage of the oxygen to the sulfur by a single pair of electrons 
is supported not only by the above stereochemical evidence, but also by 
measurements of the dipole moments of sulfoxides. 

Sulfilimines. By the condensation of chloramine-T with m-carboxy- 
phenylmethyl sulfide a compound was obtained known as a sulfilimine, 
usually represented by the formula shown in Fig. 104. This compound 


CO,11 

"(X + - ch O- so ' k -^ )iH 


Fio. 104 


was resolved into d - and 1-forms by means of the brucine and cinchonine 
salts. The conventional structure above indicates no reason for the 
asymmetry. Clarke, Kenyon, and Phillips 50 point out that, if the nitro- 
gcn-sulfu inkage is semi-polar like that of the sulfur-oxygen linkage in 
Fig. 99, ;Len the sulfur atom is asymmetric and the existence of optical 
isomers becomes obvious. Such a structure is shown in Fig. 105, in 


CH/^:S:N:S-: 
'= / :0:" CHj 


CO.H 



M& 1 - + 337- 


Fig. 105 

a Bell and Bennett, ibid., 1 (1930). 

** Maclean and Adams, J. Am. Chcm. Soc., 65. 46S1 (1933). 
60 Clarke, Kenyon, and Phillips. J. Chem. Soc.. 1SS (1927). 
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which the asymmetric sulfur atom is indicated by an asterisk. The 
analogous ethyl derivative was also resolved (Fig. 106). 


CH 



: 0 : + - 


C0 2 H 


:*S:N:S*: /~\ 


:0: C 2 Hs 
• • 

H&I - + 

Fio. 106 




Selenium. The selenonium salts behave in a manner quite anal¬ 
ogous to the sulfonium salts. Thus, methyl phenyl selenide combines 
with bromoacetic acid to give mcthylphcnylcarboxymcthylselcnomum 
bromide (Fig. 107). 

CelU 

CH 3 :Sc: + BrCHjCOjH 
• • 


Fio. 107 


Cells 
CHalSe: 

CH 2 

I 

COiHj 


Br¬ 


in this compound the selenium is asymmetric and should exhibit 
optical isomerism. By treatment with silver d-bromocamphorsulfonate, 
Pope and Neville" succeeded in obtaining the bromocamphoi^ulfo- 
nates which were separated by repeated crystallisation. The bromocam- 
phorsulfonates were converted to the chloroplatmates (Pig. 108) which 
had A/ d of +55.0 and -54.3°, respectively. 


C.H. 

(TI,:Sc: 

CH, 


(ptci.r 


CO,II J 2 
Fio. 108 


Attempts to resolve « selcnoxides of the structures shown in Figs. 
100, 110, and 111 failed, although it Is to be expected that the resolution 
of this type of selenium derivative should be possible if the right condi¬ 
tions were obtained. 


Kenyon, and Phillipe. ibid., 2203 ( 1928 ). 
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Tellurium. The quadrivalent derivatives of this element were for 
some time cited as the outstanding examples of the presence of four 
valencies in one plane. Vernon “ reported the isolation of two geo¬ 
metrical isomers corresponding to Figs. 112 and 113, but recent investi¬ 
gations by Drew M and by Lowry and Gilbert have shown that no such 
isomers exist, and that the compounds obtained were molecularly dif¬ 
ferent. In 1929, Lowry and Gilbert w isolated phenyl-p-tolylmethyl- 
tclluronium salts (Fig. 114) in optically active forms which had molecular 
rotations of about 70°. The compounds racemize readily, but the beha¬ 
vior of these telluronium salts indicates that they are very similar to the 
sulfonium and selcnonium salts. The tellurium atom is hence tetra- 


CHj—Te—CHj 

I 

I 

Fio. 112 


CH, 


CH, 

I 

-Te—I 


I 

Fio.113 


CtHtiTe! 0; 


CH, 
C.H»:Te: 

C*H«CH a - 
Fio. 114 


T + 


x- 



CH, 
Fio.115 


hedral and not planar since no optical activity whould be possible if the 
above structure wore planar. Telluronium oxides (Fig. 115) have not as 
yet been split into optical enantiomorphs. 

Tin. In 1900 Pope and Peachey” synthesized methylethyl-n- 
propylstannonium iodide (Fig. 116) by the following reactions: 

Sn(CH,)aI ZP - C ---> Sn(CH,)aC 2 H 6 

j 1 * 

Sn(CH 3 ) 2 (C 2 H 6 )(C,H 7 ) < Zn<C — Sn(CH 3 ) 2 (C 2 H*)I 

c 2 h*-i + 

CH a :Sn I- 
CaH,. 

Fio. 116 

41 Vernon, ibid., 117. 86. 880 (1920); Knagga and Vernon, ibid., 119, 105 (1921). 

44 Drew, ibid., 5G0 (1929). 

44 Lowry and Gilbert, ibid., 2867 (1929). 

44 Pope and Peachey, Proc. Roy. Soc. (London), 16, 42, 116 (1900). 
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The product was a yellow oil insoluble in water. Wien treated with 
silver d-camphorsulfonate a salt was obtained which had M D of +95°, 
thus indicating that the rotatory value of the methylethyl-n-propy- 
stannonium radical was about +45°. The salt was then converted back 
to the iodide which was an oil with Mo of +23 . Hence, the tin com¬ 
pounds are analogous to the other optically active onium salts, and the 
tin atom is tetrahedral in these compounds. Only the d-form of the 
above salt could be obtained, since, on concentrating solutions of the d- 

camphorsulfonate salt, the d-methylethyl-n-propylstannonmm d-cam- 

phorsulfonate was the less soluble and crystallized out of solution. The 
S-form in solution changed over to the d-form as evaporation of the 
mother liquor proceeded until the conversion was complete. Similar 
results were obtained with the stannomum salts of d-bromocamphorsul- 

M • • I 

Germanium. Schwarz and Lewinsohn " added germanium to the list 
of elements with tetrahedral asymmetry b V /eeelut.on of phenj+ 
ethylisopropylgermanium bromide (Fig. 117) through the d-bromo- 

camphorsulfonatc. r CaH* n + 


(CHj)jCII:Ge 

CaHj 
Fio. 117 


Br- 


Phosphorus. The investigations on the compounds of phosphorus 
have not been so numerous as those on the nitrogen compounds. 
Although unsymmctrical phosphines RR'R'T and phosphomum com- 
mR'R"R'"Pl + X” should be resolvable, no optical isomers ot 
E Th, «,i.n or dtaB akyu «. 

quaternary phosphonium halides” shows that no pcntaalk, phos¬ 
phorus compounds exist in which five equivalent valences arc attached 

‘“^tTeiSeimer” succeeded in resolving methy.ethyl- 
phcnylphosphine oxide (Fig. 118) by means of d-bromocamphorsulfomc 
acid Kipping •• also obtained the two diastereo^omenc forms of 

phenyl- 0 -naphthylphosphoryl-J-menthylamide (tig. 119). 

C,H> NHCioH tt (0 

CH*:P:0: C«H*0:P: 0: 

s.™ 

Fio. 118 Fl0 ’ 119 

17 Schwarz and Lowinaohn. Dcr.. 64. 2352 0931). 

« Coffman and Marvel. J. Am. Chcm. Soc.. (IW9) ’ 

M Meisenheimcr and Lichtonatadt. Dcr.. 44 - 350 ^ 191l) ; 

* Kipping and Challenger. J. Chcm. Soc.. 99. 626 (1911). 



426 


ORGANIC CHEMISTRY 


The meso and racemic forms of ethyl triphenylmethylpyrophospho- 
nate (Fig. 120) have been obtained by Hatt.® 1 Both forms give the 

OC'Hj OC2H5 

I I 

(CeH*)aC-P-0-P-C(C fl H 6 ), 

1 i 

0 0 

Fxo. 120 

same acid (Fig. 121) on hydrolysis, owing to ionization of the hydrogen 
atoms from the hydroxyl groups. 

OH OH 

I I 

(C«H6> jC—P—O—P—C(C«Ht)s 

i 1 

0 o 

Fio. 121 

Arsenic. The stereochemical configuration of arsenic compounds is 
in all probability similar to that of corresponding derivatives of nitrogen 
and phosphorus. 

Investigations have shown that in arsonium compounds only four 
groups are directly linked to the arsenic and that the fifth valency is an 
electrovalency. Friedrich and Marvel M studied reactions which might 
lead to isomeric products of the type R 4 AsR' and R 3 R'AsR, as indi¬ 
cated by the following equations: 

2LiC 4 H 9 + 2((C 2 Hft) 4 As] + Br- -> 2[(C,Hft) 4 As] + [C 4 H 9 )- + 2LiBr 

1 

2 (CjHft)jA.s + CjH 4 + C*Hft + C 4 H$ + C4H10 

LiCjHftf(C2fIft)3(C 4 H 9 )As] + Br - —* [(C 2 Hft)j(C 4 H 9 )As] 4 [C 2 Hft] _ + LiBr 

l 

(C 2 Hft) 2 (C 4 H 9 )As + C 2 II 4 + C 2 Hft 

The pentanlkylarsincs were very unstable and could not be isolated, 
but the fact that these two reactions gave entirely different decomposi¬ 
tion products showed that the arsenic atom does not share five pairs of 
electrons with five alkyl groups. The alkyl group furnished by the 
lithium never appeared attached to the arsenic in the tertiary arsine. 

Attempts to resolve arsonium compounds were for some time un¬ 
successful. Finally, in 1921, Burrows and Turner 63 succeeded in ob- 

•• Halt, ibid., 776 (1934). 

« Friedrich and Marvel, J. Am. Chem. Soc.. 62. 370 (1930). 

#s Burrows and Turner. J. Chem. Soc., 426 (1931). 
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taining a solution of phenyl-a-naphthylbenzylmethylarsonium iodide 
(Fig. 122) which showed a slight dextro rotation. The arsomum com¬ 
pound was resolved through the use of d-bromocamphorsulfonic acid, 
and the molecular rotation of the salts indicated rather conclusively 
that resolution was effected but racemization occurred during the re¬ 
moval of the bromocamphorsulfonic acid. The iodide itself also race- 
mized quickly. Kama! M resolved the areonium iodide shown in Fig. 
123 by means of the d-bromocamphorsulfonate. After crystallization of 


C,oH 7 (a)" 

+ 

C*H* 

• • 

CsHslAaiCHa 

I' 

(a)C 10H7 ’• As: CjHjOi) 

ch 2 

1 


CH* 

1 

CilU 

Fio. 123 

1 

L CeHfc _ 

TT./v 199 



this salt, it was treated with potassium iodide. The active iodide with 
Tain of +9.8° in acetone wa« obtained, but rapidly raccmizcd. 

A much more satisfactory example of an optically act,ve amemc 
atom was found in ^carboxyphcnylmethylcthylarsme sulfide (F.g. 124), 


CHa 

C s H»:As:*S: 



CO a H 
Fio. 124 


which was resolved by Mills and Raper « in 1925. The constitution 
of this compound is similar to the amine and phosphine oxides but 
whereas the latter are basic and form salts, the tor .ary arsine^ulfidcs 
are neutral and the compound was resolved by salt formation of the 
carboxyl group with brucine. Both d- and f-forms were obtained. 
[a] D = ±19°. It seems that one of the factors contributing o the suc¬ 
cess of the resolution is the fact that the arsenic atom was left undis¬ 
turbed by the processes of salt formation and decomposition ncccssarj 

to the resolution. ... . . ,, 

Chatt and Mann •• have prepared ethylencM*^is-(phenyl-n-but> 1- 

“ Kamai, Btr.. 66. 1779 (1933). 

“ Mills and llapcr. J. them. Soc.. W. -479 (19-5). 

“Chatt and Mann. ibid.. 610. 1622 (1939). 
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arsine) which has been converted into the 5ts-(methopicrate) (Fig. 125). 
This latter compound was separated into two isomers which represent 
meso and racemic forms. Two similar 4-covalent arsenic atoms make 
this isomerism possible. 

The same diarsine was also converted to the 5t$-(arsine sulfide) (Fig. 
126) which was isolated in meso and racemic modifications. One was 
rapidly converted to the other by heating. On the other hand the 
diarsine coordinated with palladous chloride gave two diastereoisomeric 
non-ionic compounds (Fig. 127) which were extremely stable and did not 


CH, 

C 4 H, 

./ 

CH,—As—C«H 6 

CH*—As—C 6 H 6 

\ 

c 4 h* 

CH, 

Fio. 125 


{0—C«H,(NO,),J, 


C 4 H, C,H, C 4 H 9 CqH, 

\/ \/ 

CH,—As—*S CH,—As\ 

i i ;pdci, 

CH,—As—*S CHr—As/ 

/\ /\ 

C 4 H 9 CflHj C 4 H 9 C«H 6 


Fio. 126 


Fio. 127 


undergo interconversion even in molten state. This stability may be due 
to the fact that the asymmetric arsenic atoms in the palladium com¬ 
pound form part of a chelated ring and thus cannot readily undergo a 
change of configuration. 

There is considerable evidence from spectroscopic and electron dif¬ 
fraction studies to show that stereochemically the 3-covalent arsenic 
atom can be regarded as being at the top apex of a partially flattened 
tetrahedron, 67 the intervalency angles at the arsenic atom being about 
100° instead of the normal value (60°). 

Organic compounds containing 3-covalent arsenic have now been 
prepared, and the results are confirmatory of the physical data on the 
structure of the arsenic atom. Allen, Wells, and Wilson 63 treated 
7-chloro-7,12-dihydro-7-bcnzophcnarsazine (Fig. 128) with silver d- 
bromocamphorsulfonate and obtained two diastereoisomeric compounds, 
Fig. 121, with Md of +211.4° and +358.4°, respectively. The exist¬ 
ence of these two diastereoisomers may be due to the asymmetric arsenic 
atom since no optical isomers of secondary amines are known, or it may 

47 Sutherland, Leo. and Wu. Trans. Faraday Soc., 35. 1373 (1939); Pauling and Brock¬ 
way, J. Am. Chcm. Soc., 67, 2684 (1935); Gregg, Hampson, Jenkins, Jones, and Sutton. 
Trans. Faraday Soc., 33. 852 (1937); Springall and Brockway, J. Am. Chcm. Soc., 60, 990 
( 1938 ); Bradley, Phil. Mag.. 47. G57 (1024). 

« Allen. Wells, and Wilson. J. Am. Chcm. Soc., 66, 233 (1934). 
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optically active forms caused racemization to occur. If the optical 
activity is due to an asymmetric arsenic atom, the dimethylarsonium 
compound should be inactive. The addition compound with ethyl 
iodide (Fig. 132) should still contain an asymmetric arsenic atom as the 



arsonium ion and should retain its asymmetry. It was suggested that 
the racemization taking place when the active compound is treated with 
an alkyl halide is due to the fact that the conversion of the trivalent 
arsine to the arsonium salt involves a diminution in the effective size 
of the arsenic atom. The ionic radius of the arsenic in the arsonium 
ion is smaller than that of the arsenic in an arsine. According to Lesslie 
and Turner this change in the size of the arsenic atom would cause such 
agitation in the folded structure that racemization would result. 

The compounds corresponding to Fig. 130 with a phenyl or ethyl 
group in place of methyl on the arsenic atom were also resolved. 70 Oxida¬ 
tion of the active form of the phenyl derivative resulted in complete loss 
of activity. On the other hand, it was possible to resolve 10-phenyl- 
phenoxarsine-10-oxide-2-carbo.\ylic acid 71 (Fig. 133). The active forms 


CO,H 

'As' 

/ \ 

Celle O 
Fio. 133 

were relatively unstable. Owing to the similarity in size between the 
positively charged arsenic and oxygen atoms, the stability of a folded 
configuration in tliis molecule might be so decreased that optical activity 
dependent on it would not occur. This molecule, therefore, probably 
represents molecular dissymmetry of an arsenic oxide which previously 
all attempts have failed to demonstrate. 72 

70 I-csslic and Turner, ibid.. 1051. 12GS (1935); 730 (193G). 

71 Lesslie, ibid., 1050 (1939). 

71 Burrows und Turner, ibid., 119, 42G (1921); Aeschlimann and McCleland, ibid. 
125, 2025 (1924); Aeschlimann. ibid.. 121. 811 (1925). 
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Chatt and Mann 73 point out that the previous work on the phenoxar- 
sine derivatives can be interpreted on the assumption e.ther that the 
three rings are coplanar and the R group on the amen.c atom projects 
above or below tins plane or that the intervalency angle C-As-C 
within the ring has a value which necessitates a folding of the molecule 
about the O—As axis. In the latter case, a planar distribution of the 
valencies of the arsenic atom, though unlikely, is not exclude These 
investigators have prepared and studied 5 ,KWi-p-tolyl-o,Khdihydroar- 
santhrene (Fig. 134), which has resulted in more decisive evidence for 


c.h 4 ch 3 



the non-planar valency disposition of the 3 -covalent arsenic atom in its 

srsrKKfs Tw “■ prod "' tio " ° r 

three isomeric forms shown in F igs. 135,130, and 137. 



Upon construction of the models, it becomes evident at once that 
owing to the small angle, the two cw-tolyl groups (denoted by the letter 

T) ? “sr 

readily consisted. The experimental results led to the Ration of two 
stable forms, conforming presumably to Figs. 135 and 137. The t«o 


7 * Chatt and Muon, ibid.. 1184 (1040). 










432 


ORGANIC CHEMISTRY 


isomers by the action of bromine gave the same tetrabromide, 5,10- 
ditolyl-5,10-dihydroarsanthrene 5,5,10,10-tetrabromide (Fig. 138) which 
in turn was hydrolyzed to a single tetrahydroxide. 



++ 


2Br- 


Boron, Beryllium, Copper, and Zinc. These four elements, consti¬ 
tuting the other known elements of the tetrahedral group, are discussed 
together because the tetrahedral character of each has been demonstrated 
by the formation of spirancs. These spiranes have the tetrahedral 
element as the spiro-atom, and the two rings are formed as the result of 
chelation. 

Boric acid reacts with two molecules of salicylic acid to produce 
the complex shown by Fig. 140. 

r^tl-<Oi.v.Oo-A 

Sj-cooi rw- hooc-1!^ 

Fio. 139 

l 

0 0 

:b: 

• • 


Fio. 140 





Boron compounds normally have six electrons in the valence shell of 
the boron atom (Fig. 139), but, by sharing an additional pair from the 
oxygen of the carboxyl group (Fig. 139) left after ionization of the hydro¬ 
gen atom, it is able to form the more stable octet and thus becomes a 
spiro-atom in the chelate (p. 1868) compound (Fig. 140). Boeseken 74 
fractionally crystallized the strychnine salts of this complex compound 
and obtained a dextrorotatory fraction with [<*]d = +22.6°. The other 

71 Boesoken and Mculcnhoff. Proc. Acad. Sci. Amsterdam, 27. 174 (1924); Rosenheim 
and Vermehrcn. Rrr., 67. 1337 (1924). 
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fraction was levorotatory. The optical activity of this boron complex not 
only establishes the chelate structure, but also shows that the distribu¬ 
tion of the valence forces about the boron must be tetrahedral. It should 
be noted that the model of this complex, using a planar boron atom, 
would possess a plane of symmetry and hence be non-resolvable. Either 
a planar or pyramidal structure would predict geometncal isomers which 

have not been found. . . . . . 

Beryllium is normally bivalent, containing four electrons m the 
valence shell of most of its compounds. However, the reaction of 
beryllium carbonate with the brucine salt of the enolic form of benzoyl- 
pyruvic acid produces the complex shown in Fig. 141, m which the 


C.H, 

A—OH 

JU + BeCOa —* H—C 

Ao 

ioaBrucine 


C*H* 

An> -oS % 

o : - Bc *o + COt + Ha0 

*• •’ *• • . / 

V • C 

ioaBrucine COjBrucino 
Fio. 141 


hervllitim has shared an additional four electrons in order to complete 
Ktandform the chelate compound with the beryllium atom as the 

8Pir M a urand Gotts'” fractionally crysta.lized these brucine salt, and 
obtained two diastercoisomeric salts which showed mutarotat.on in 
chloroform to the same value. 


1. Fraction [aW * +25-0°| Muurouiio^ [a) _ +5X) . 

2. Fraction (alwei *= — ll- 8 °) 

Decomposition of the salts by dimethylamine gavcvaluesof +U« and 
-0 6” for the two forms of the beryllium complex The two forms 
racemized very quickly. Copper and zinc formed chelate compounds 
of the same type os shown for beryllium when copper acetate or zinc 
carbonate was substituted for beryllium carbonate in the initial reac¬ 
tion Fractionation of their brucine salts also produced mutarotat.ng 

^“atr^RX and HOhn " crystallized the ^omocampho, 
sulfonate of the complex palladium ion shown in Fig. 142 and obtained 

7 ‘ Mills and Gotta. J. Chcm. Soc.. J 121 (l926) ’ 

» Rcihlcn and Htlhn, Ann.. 489. 41 (1931). 
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two diastereoisomeric salts. One salt had a molecular rotation of +582° 
with Md for the dextro palladium complex ion of +36°. The other salt 


Hj jjj 

(CHa)aC—N*. . N^-C(CH,) 2 

: pa: | 

H 2 C—N • • N—CH 2 
H* H* 

Fxo. 142 


++ 

2 [C ioH itOBrSOa] — 


had Af D of +506°, which indicates a molecular rotation of —40° for 
the levo palladium complex ion. 

Platinum. Reihlen and Hiihn 76 also obtained evidence indicating 
asymmetry of the platinum complexes shown in Fig. 143 and Fig. 144 
by crystallization of their d-bromocamphorsulfonates. 


H, H, 

(CH,),C-N. . N C(CH,) t 

I >.•' I 

H,C-N N— CH, 

H, H, 

Fiq. 143 Fio. 144 



Elements with an Octahedral Distribution of Valencies 

The classical investigations of Werner, Pfeiffer, Jaeger, and others 
on the structure of various coordination complex salts have established 
the fact that certain of these may exhibit optical isomerism, and that the 
probable distribution of the valencies of all types is octahedral about 
the ccr'ral atom. These compounds and their isomerism have been 
thoroughly treated in inorganic textbooks and books on stereochemistry; 
hence only the fundamental ideas concerned will be discussed in this 
section It is important to note that the same principles already cited 
in respoct to carbon again apply here. For optical isomerism the pre¬ 
requisite is an asymmetric molecule. 

The general structural types which have been resolved into optical 
enantiomorphs are as follows: 

I. Type MA 3 . (M = metal, A = a bivalent coordinating group.) 

The central atom has its six valencies distributed and used by the 
groups A in such a manner that non-superimposable mirror images 



OPTICAL ISOMERISM 


435 


result (Figs. 1 and 2). It is customary to represent the spatial formulas 
by the figures shown rather than by means of an octahedron, but by join¬ 
ing the six points about the central atom, an octahedron results (Fig. 3). 



Specific examples of compounds of this type arc shown in Table I. 

II Type MA 2 a 2 and MA 2 B. (A and B = chfferent b.valent co- 
ordinating groups; a = monovalent coordinating groups.) 



The mirror-image 
5, and Figs. 6 and 7. 


relationships of this type are shown in Figs. 4 and 



Fio. 6 


Fio. 7 
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TABLE I 


Optically Active Complex Ions op the Type MAj 

Anions 

Kcnr Kcnr 

near 

[* (<^ h, )J 

NCD. ,]' 

Kcnr 

KCDJ 

hO-)J 

KC£)]' 

[- (COT 

KCH).r 

KCS-W" 
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Specific examples of compounds of the second type are shown in 
Tables II and III. 

TABLE II 

Optically Active Complex Ions of the Type MA*s 

Anion* 

KCHH 


r /H,N—CHA ^ 1* 

Co ( I ) (NO,), 

\H,N—CH,/1 


( UIliv 

h,n-Ah J (no,: 

H,N—CH,', 

/ CH, \ 

j h, 7') h 4 

\H,N-CH./ \ HiN —<b H y 


[ /H,N—CH,\ V 
Cr \h,n—Ah,)*j 

r /h,n—ch,\ y 

" J,H 


TABLE III 

Optically Active Complex Ions of the Type MA.B 

Cations 


KO 0 - 0 )] 



in. lype \ n m ;- . 

different monovalent coordinating groups.; ,. , . 

Many compounds corresponding to Figs. 8 and 9 winch represent the 
mirror-image relationships are known for complexes of cobalt. The 
cation has the general formula 

/HiN—CH; 

Co I 

\H*N-—CH: 
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K 2 [PtCl 4 ] formed tetragonal crystals, and x-ray analysis indicated that 
the metal was at the center of a square with the four chlorine atoms at 
the corners. From considerations of wave mechanics, Pauling 79 in 1931 
deduced a probable planar distribution of the groups in 4-covalent com¬ 
pounds of platinum, palladium, and nickel. The electronic formation 
of such planar compounds should result in a definite decrease of the 
paramagnetic moment, and for nickel this should become zero. 

Nickel. Confirmation of this prediction was obtained by Sug- 
den, 80 who isolated two cis-trans isomers of nickel 6i$-benzylmethyl- 
glyoxime to which the planar structures shown in Figs. 5 and 6 were 


CflHftCHa—C- 


c— ch 3 


CflHsCH*—C- 


-C—CH 8 


O-N N—OH 

\ Z 

Ni 

/ \ 

0+—N N—OH 


C«H 6 CH,—C- 


O—CH, 


0«—N N—OH 

\ Z 

Ni 

Z \ 

HO—N N-*0 


CH,—C- 


Fio. 5 


Fio. 6 


C—CH,CflH 6 


assigned. These two forms were found to be diamagnetic, whereas a 
tetrahedral configuration about the 4-covalcnt nickel (a spiro-atom) 
should lead to paramagnetic optical enantiomorphs. 

Palladium. Dwyer and Mcllor 81 also obtained two forms of palla¬ 
dium fris-benzylmethylglyoxime, analogous to the above nickel isom- 
erides, and found that they were non-resolvable. Pinkard, Sharratt, 
and Wardlaw 82 prepared the two isomerides shown in Figs. 7 and 8 
and showed that they were monomeric. 


CH,—NH, NH,—CH* CH*—NH, 0-CO 

\ Z V/ 

/ \ z \ 

CO-O O-CO CO-O NHj—CH 2 

Fio. 7 Fio. 8 


Grinberg and Schulman 83 reported the isolation of two isomerides 
of each of the compounds (NH 3 ) 2 PdCl2 and ^ N^PdClg. 


79 Pauling. J. Am. Chcm. Soc., 63. 1367 (1931). 

‘“Sugdcn. J. Chcm. Soc., 240 (1932). 

•• Dwyer and Mcllor. J. Am. Chcm. Soc., 66. 1551 (1934). 
m Pinkard, Sharratt. and Wardlaw. J. Chcm. Soc., 1012 (1934). 

• s Grinberg and Schulman, Compt. rend. acad. tci., U.R.S.S., 1, 218 (1933). 



OPTICAL ISOMERISM 


441 


Lidstone and Mills 84 have resolved the complex palladous salt shown 
in Fig. 9 by means of d- and Z-diacetyltartaric acids. This molecule 


H* H 2 

C«Hfc—CH—N N—CH, 

\ / 

Pd 

/ X ■ 

CH—N N—C(CH a )j 

H, Ht 

Fio. 9 


CeH*- 


++ 


21 - 


would possess a plane of symmetry if the palladium atom had a tetra¬ 
hedral arrangement of the coordinated groups but is Mynmetm i the 
four valencies attached to the palladium atom arc planar.J* f ™." 

that the stilbene diamine portion retained its meso configuration in the 
complex salt and hence the resolution is due to the molecular dissjm- 

^u h :. C °Numerous examples of cW.* isomem of 4-cova,nt 
platinum compounds have l>ecn described. Hantoeh obtained t 
forms of the compound shown in Fig. 10, and Sehenck and Henger 
obtained the quinoline analogs, Fig. II. The two isomenc compound 


Or- 



PtClt 


Fio. 10 


Fio. 11 


of Fies 12 and 13 were found to differ chemically and also in their x-ray 
diffraction patterns.- Two isomeric forms of the platmo-glycme com- 


(CHi)tS Cl 

^Pt 

f x 

(CHj)jS Cl 

Fio. 12 


(CHi)tS Cl 

X / 

Pt 

/ x 

Cl S(CHa)a 

Fio.13 


M Lidstone and MiUs. J. Chcm. Soc.. 1754 (1930). 

M Hantzsch. Ber., 69. 27C1 (1920). ^ (1031-103°) 

” 340 (l030,: Cox ^ aon8cr * ond Wurdlnw 
ibid., 182 (1934). 
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plex, Fig. 14, analogous to the palladium complex have been ob¬ 
tained. 88 

CHr—NHi NH*—CH, 

\ ^ 

Pt 

/ \ 

CO-O 0-CO 

Fio. 14 



A red and a black form of the /m-pyridino complex, Fig. 15, have 
been obtained by Morgan and Burstall.” This complex is very inter¬ 
esting because the construction of the model of this molecule shows 
that the three pyridine rings are in the same plane. It may also be noted 
from the model that chelation can occur without undue strain only if 
the double bonds in at least two of the pyridine rings occupy fixed posi¬ 
tions (i.e., do not oscillate or resonate between the two Kekul6 struc¬ 
tures). If either of the two forms obtained is monomolccular, it indi¬ 
cates a planar distribution of the valence forces about the platinum 
atom. 

An unique proof of a planar distribution of the valencies about 4- 
covalent platinum has been obtained recently by Mills and Quibell, 90 
who prepared meso-stilbenediamino-isobutylcnediamino platinous salts 
with the structure shown in Fig. 16. 


CH*—NH* NH*—CHCeHs 

\ ■/ 

Pt 

L(CH 3 )*C-NH, NH*-CHC,H,J 

Fio. 16 


+ + 


2C1" 


•* Grinberg and Ptitauin. J. prakl. Chem.. 136. 143 (1933); Pinkard. Sharmtt. and 
Wardlaw. J. Chcm. Soc.. 1012 (1034). 

»» Morgan and Buretall. ibid., 149S (1934). 

10 Mills and Quibell. ibid., 839 (1935). 
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Examination of the model of this compound using a planar platinum 
atom reveals the fact that such a model does not possess a plane of sym¬ 
metry (Fig. 17), and hence should be resolvable. 



If however, the platinum atom is tetrahedral (similar to the spiranes) 
then the molecule possesses a plane of symmetry, and the molecule 
should £ lion-resolvable. Examination of Fig. 18 shows that the plane 
PPPP divides the molecule into halves which are mirror images. 



Fio. 18 


_ . a it *a Aetahlifthcd that the molecule was resolvable 

Experimental y i g 5 <> C ryoscopic examination of the 

into d- and /-forms, laJsioi - =*= . , . f , - - fc u 0 i, nv inr mid thus 

salt showed that it -en^ barium ^ 

md,cates the existence of “us demonstrated that no inver- 

gave the optica ly “^^^w-tiibene portion took place. The 
sion and resolution of the in favor of a planar conhgura- 

results constitute most unusual d ^ ^ irregular tetrahedral 

tion for 4-covalcnt P h " n , cnt wou l d also predict resolution of 
arrangement or pyramidal urranginu.. Q 

the molecule, but there is no evidence for such assumptions. 
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PART XI. cis-trans ISOMERISM (GEOMETRIC ISOMERISM) 

C. S. Marvel 
Introduction 

A second type of stereoisomerism has been observed in organic mole¬ 
cules that contain two unsymmetrically substituted atoms attached to 
each other by a double union, in certain cyclic structures, and in a few 
terphenyl derivatives where ortho substitution introduces steric hin¬ 
drance at the points of union between the phenyl groups. This type of 
isomerism is usually explained on the basis of restricted rotation in the 
molecule in question, and all the observed cases can be correlated by 
means of this theory. 

In an open-chain molecule, free rotation about a single covalent 
bond is assumed to be possible. The number of isomers of such com¬ 
pounds is generally in agreement with this hypothesis. However, if 
there are two points of attachment between adjacent atoms, as when a 
double covalent bond is present in a molecule, free rotation is apparently 
no longer possible. With proper substitution around the atoms which arc 
doubly bound to each other, isomerism due to different geometric ar¬ 
rangements of the groups in space becomes possible. This type of isomer¬ 
ism is called cis-trans or geometrical isomerism. 

cis-trans Isomerism in cyclic molecules can be attributed to restricted 
rotation due to the ring structure. The size of the ring and the nature 
of the substituents have an important effect on the freedom of rotation 
around the single bonds in the ring, and a complete discussion of these 
factors will be reserved until later. Recently cis-trans isomerism has 
been observed in certain p-terphcnyl derivatives which are substituted 
in the positions ortho to the unions between the phenyl groups. In these 
compounds the theory of restricted rotation around the bonds between 
the phenyl groups serves to correlate these examples of cis-trans isomer¬ 
ism with the classes previously mentioned. 

The various types of cis-trans isomers may for convenience be classi¬ 
fied as follows: 

1. Compounds containing double bonds. 

(а) Carbon to carbon; olefins. 

(б) Carbon to nitrogen; oximes, hydrazones, osazones, semi-carbazones, 
etc. 

(c) Nitrogen to nitrogen; diazo compounds, azo compounds, azoxy 
compounds, etc. 
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2. Cyclic compounds. 

(а) Carbocyclic. 

(б) Heterocyclic. 

(c) Condensed ring systems. 

3. Sterically hindered single bond compounds of the terphenyl type. 

This system of classification is used in the following discussion. 

Compounds Containing Double Bonds 

Since carbon and nitrogen atoms are known to have a 'etrahedral 
structure, a double bond involving these atoms may be P‘cU 1 red (F,g. ) 
by two tetrahedrons sharing one edge m common. Thus, ‘te douWe 
bond should be a fairly rigid structure around wh.ch no rotatonenn 
occur. The single bond may be best illustrated b,• d.agram (F.g. 2) 
showing two tetrahedrons having one apex m common. Free rotat.on 

», « -» •••» >• 






Fxo. 1 


Fio- 2 


Fio. 3 


Fio. 4 


r *7 • r-* 'SSt 

l I i P 'T {Continued in each direction so as to bisect the 
shared between them are cither oa ,he same 

srn? £; iW* 

opposite sides of tbis pla^nd am m eja ^ ^ unage of cach 


senes. 


1CS - * * i nh«> atoms ioined by the double union 

It can also be seen that each. of Qne of y , hc ntoms carrics 

must be UDsymmetncally W 5 ^ the twQ mo i ecu l es 

SET- - »<™‘ 0Dly onc pair 
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of isomers is still possible where all attached groups are different (Figs 
7 and 8). 



Fio. 5 Fio. 6 Fio. 7 Fxo. 8 


Carbon-Carbon Double Bonds 

For convenience, instead of using tetrahedrons, the structural rela¬ 
tionship of the isomers is usually represented by the condensed formulas 
shown in Figs. 1-4, below, but the fundamental space structures must 
always be kept in mind. 

a —C— b a —C—6 a —C—6 a —C—6 

II II II \\ 

a —C—6 6—C—a c—C— d d —C—c 

cis tranj 

Fio. 1 Fio. 2 Fio. 3 Fio. 4 

In compounds of the type shown by Figs. 1 and 2, the one with two 
similar groups on the same side of the double bond is called the cis 
isomer (Fig. 1), and the other (Fig. 2) the trans isomer. For the com¬ 
pounds shown in Figs. 3 and 4, where all the groups are different, it is 
necessary to specify which groups are cis or trans, respectively. In the 
event that the configuration has not been established, the forms arc 
usually denoted by the Greek letters a and 0. 

In the alkcne scries the isomeric 2-butenes have been separated by 
high-precision fractionation of the product resulting from dehydration 
of scc.-butvl alcohol by sulfuric acid. 1 

Heat of Hydrogenation 
B.P. 2 M.P. cal./mole 

m-2-Butcne 3.53* -139.3* -28,570 

Ira ns-2-Butcne 0.96 —105.8 —27,621 

The two groups attached to each of the doubly bound carbon atoms 
may be parts of an unsymmetrical ring. Moir 3 isolated as-lrans isomers 
of this type in the diphenoquinone series. 

1 Kistiakowsky. RuhofT. Smith, and Yuughnn. J. Am. Chcm. Soc., 67. 876 (1935). 

1 Lamb and Roper, ibid.. 62. 811 (1940). 

* Moir. S. African J. Set.. 8. 253 (1911). 
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CH* 
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1 
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c=o 


I 

CH, 


Determination of Configuration. There is no absolute method for 
the determination of the configuration of cis-trans isomers of the olcfimc 
type which can be experimentally applied to all cases. Many e,s 
isomers can be directly related to cyclic compounds by ether ring closure 
or ring opening, and this is at present the best available means of defi¬ 
nitely establishing configuration. All other methods depend on a study of 

the physical properties of the isomers, and these methods require that 
many pairs of compounds of known configuration be studied ns examples 

for comparison. ^ # f .. . 

Relationship to Cyclic Compounds . The formation of a cyclic mole- 

cule from an open-chain molecule takes place easily only when the re¬ 
acting groups are close to each other. This fact has been most useful 
in assigning structures to isomers in which the two doubly bound 

carbons carry groups which are capable of reacting with each other. 

The classical example of establishing the configuration of olefins on 
this basis is that of maleic and fumaric acids. Maleic acid (Fig. 5) 
readily forms a cyclic anhydride (Fig. G), whereas fumaric acid (tig. <) 


H—C—CO*H H— C—CO 

| 

>-co 2 h h— c— co 

Fio. 5 F, ° G 


H— 


H—C—CO 2 II 

1 

HO*C—C—H 
Fio. 7 


docs not give an anhydride under mild conditions, and at high temper¬ 
atures it undergoes a rearrangement to produce the anhydride of maleic 
acid. Maleic acid is, therefore, the cis isomer. 4 

« van't HofT. Brief on Buia-Ballot. Utrechl (November. 1876). 
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Likewise, in the case of the o-hydroxycinnamic acids, one is converted 
spontaneously into coumarin (Fig. 9), and is, therefore, the cis form 
(Fig. 8), whereas the other does not form a lactone readily, and conse¬ 
quently is assigned the trans configuration (Fig. 10) .* 



Fio. 8 Fio. 9 Fia. 10 


This conversion to a cyclic compound must occur under very care¬ 
fully regulated conditions if it is to be considered a safe procedure for 
structural proof. Many reagents cause one isomer to change into the 
other, and with such reagents, compounds of the trans type may also 
yield cyclic compounds. 

It is often possible to prepare the cis isomer from a cyclic compound 
by the opening of the ring. Thus, the oxidation of p-benzoquinone 
(Fig. II) or of benzene (Fig. 13) leads to maleic acid (Fig. 12), and not 
fumaric acid. 6 

0 

0 

0 

Fio. 11 

If the configurations of a pair of cis-trans isomers have been thus es¬ 
tablished, it is often possible to convert other isomers of unknown con¬ 
figuration into those with known structures. For example, trichloro- 
crotonic acid (Fig. 15) is converted by hydrolysis into fumaric acid 
(Fig. 14) and by reduction into the solid crotonic acid (Fig. 16) (m. p. 

H—C—C0 2 H H—C—CC1 3 H—C—CH, 

II - II - II 

H0 2 C—C—H HO*C—C—H H0 2 C—C—H 

Fio. 14 Fio. 15 Fio. 16 

‘Fittig ond Ebert. Ann.. 226. 347 (1SS4); Widicenua “Raumlicho Anordnung.” p 
49; see Miller and Kinkelin, Bcr.. 22, 1705 (1S89). 

• Kekul6. Ann.. 223. 170 (1884). 


H—C—COjH 


Oxidation 


-> 


Oxidation 


<- 


H—C—COtH 
Fio. 12 



Fio. 13 
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72°). 7 Since fumaric acid is known to have a trans configuration, these 
relationships prove that the trichlorocrotonic acid and the solid crotonic 
acid must be trans isomers. Hence, the liquid form of crotonic acid 
(m. p. 15°) must be the cis isomer. 

The configurations of the cinnamic acids have, likewise, been estab¬ 
lished by the following transformations: 



/ 


H 



/ c y H 

O 
HO 
Fio. 18 



/ H 

/V 

/-o 

HO 
Fio. 19 


One of the o-aminocinnamic acids readily forms carbostyril (Fig. 17), 
and hence possesses the cis configuration (Fig. IS). Diazotization and 
removal of the amino group from this o-aminocinnamic acid leads to cis- 
cinnamic acid (Fig. 19).* 

The establishment of a relationship between a cyclic compound and a 
cis isomer, and the transformation of one of a pair of as-trans isomers into 
another compound of known configuration, are the only chemical 
methods of establishing the configuration of isomers in this series. In 
using these methods for structural work, it is essential to keep in mind 
that many reagents convert a cis to a /runs isomer or the reverse (see 
section on interconversion of isomers, p. 453), and hence false relation¬ 
ships may be deduced from superficial experimental work 

Determination of Structure by Study of Phys.cal Propcrt.es. A study 
of various cis-trans isomers who.se configurations have been established 
by relating them to cyclic products has shown that there is a surprising 
regularity in the differences in physical properties between tho rn- 
forms and the trans forms. The cis form usually has the lower melting 
point, the greater solubility in inert solvents, the higher heat of combus¬ 
tion, and, of acids, the higher ionization constant. In Table I are listed 
the physical properties of a series of isomeric acids showing some of these 

differences. .... .. . 

Werner pointed out that there is a significant resemblance between 

the structural formulas of cis and trans isomers in the olefin senes, and 
ortho and para Isomers in the benzene series.* The unsymmetneal as 

7 von Auwcm and Wiwobach. Ber.. 56. 715 (1923). 

» Stoermer and Hcymann. Bcr.. 45. 3009 <J. 01 £> a 9 

• Wernor. "I^brbueh dor Stereoehcn.ic. l-.achcr. Jena (1904). p. 21- 
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TABLE I 


Some Physical Properties op cis-lrans Isomers 


Acid 

M. P., °C. 

Solubility in 
Water at 25°, 
grama per 
100 cc. H 2 0 

Ko'° 

Heat of 
Combustion, 11 
kcal./mole 

Maleic. 

130.0 

78.8 

117 X 10- 2 

326.0 

Fumaric. 

286. 

0.7 

9.3 X 10" 2 

320. 

cis -Crotonic. 

15.5 

40.0 

3 6 X 10~* 

486. 

(rarw-Crotonic. 

72. 

8.3 

2 X 10-* 

478. 

cta-Cinnamic. 

68 

14.43 

13.8 X 10- 6 

1047. 

/rona-Cinnamic. 

133. 

0.1 

35 X 10" B 

1040. 

Citraconic., 

91. 


34 X 10" 2 

479.1 

Meaaconic. 

202. 


7.9 X 10- 2 

466.4 

Anselic.. 

45. 


4.9 X 10- & 

634.8 

Tiglic.. 

64. 


9.4 X 10-* 

627.4 


and ortho isomers are nearly always lower melting than the corre¬ 
sponding irons and para isomers. This may be illustrated by comparing 
ci's-crotonic acid (Fig. 20), orfAo-toluic acid (Fig. 21), frans-crotonic 
acid (Fig. 22), and para-toluic acid (Fig. 23). Maleic and fumaric acids 
show similar relationships to ortho- and para-phthalic acids. 


H—C—C0 2 H 

II 

H—C—CH 3 

M.p. 15.6* 
Fio. 20 


H-r*^—CO*H 

M.p. KM* 

FlO. 21 


H—C—CO*H 

II 

CHj—C—H 

M.p. 72* 

Fio. 22 


H—COtH 

chJ^J-h 

M.p. ISO* 

Fio. 23 


The dissociation constants of the acids in the cis and ortho series are 
likewise higher than those in the Irons and para series. 12 

This comparison of the physical properties of olefins and aromatic 
derivatives has furnished a method for the determination of configura¬ 
tion where all four groups on the carbon atoms joined by the double 
bond are different. For example, von Auwers compared the chloro- 
crotonic esters (Figs. 24 and 25) with the chlorotoluic esters (Figs. 26 

10 Oat wold, Z. phusik. Chcm., 3. 242. 278. 380 (1889) ; Bcr.. 24. 1100 (1891); Bader. 
Z. phusik. Chcm., 6 . 315 (1890); Walden, ibid., 8. 495 (1891); Kortright, Am. Chcm . J„ 18. 

“Stohmann. Z. phusik. Chcm., 10, 416 (1892); Longuinine. Ann. chim., (0) 23. 189 
(1891); Roth. Bcr., 46. 260. 317 (1913). 

13 Langscth, Z. phusik. Chem., 118, 49 (1926). 
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and 27) and assigned configurations to the olefinic compounds on this 
basis. 13 


Cl—C—C0 2 C 2 Hs 

II 

H—C—CHa 

B.p 68V12 mm. 

Fio. 24 

ci—co-c,H fc 

B.p. 122*/10 mm. 

Fig. 26 


Cl—C—COjCiH* 

II 

CH*—C—H 
B.p. 61V10 nun. 

Fig. 25 

Cl-f^^-C0 2 C 2 H b 

B p. 129.5V0 mm. 

FlO. 27 


The assignment of configuration by means of this method of compari¬ 
son of the physical properties of the isomers with those of the correspond¬ 
ing benzene derivatives must always be tentative because it is known 
that the relationship between the physical properties in the two senes is 

not absolutely general. 14 . . 

Dipole Moments (p. 1752). Recent work on dipole moments has 
introduced a new physical constant which Is useful in assigning definite 
configuration to relatively simple olefins.'* From a consideration o 
the structural formula, the unsy,..metrical m form would be expected 
to have a considerable moment, whereas the more symmetrical rons 
form should have a lower moment. In the halogenatcd olefins listed 
in Table II. it may be seen that the dipole-moment measurements give 
results which are in agreement with the configurations which have been 
assigned on the basis of the melting points of the isomers. 

TABLE II 

Physical Phopektie* of Dihalouenatkd Ethylene* “ 


cu-Dichloroetbylcnc 
(rarw-Dichloroethylenc 
ci*-Dibroraocthylcnc 

Iraiu-Dibromocthylcne 
cia-Diiodoethylcnc 
Irana-Diiodocthylcne 

This method is limited to quite simple molecules of the type 

11 von Auwers and Harrow. iW., 143, I 11029). 

M von Auwcra and Harrow, ibid.. 143, 9 (IU2'J>. nQ **.. , /»/„„ $ 

u Errcra, Com*. rend.. 182. 1023 (1«0>; Acad. Toy. Bel*. 150 (1925). J.lhys.. 6. 

300 (1026); Pkynk. Z.. 27. 704 (1020). 


M. P. 

m X 10‘ 8 

e C. 

c.s.u. 

-80.5 

1 89 

-50. 

0. 

-53 

1 22 

- 6.5 

0. 

-13.8 

0.76 

72. 

0. 
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Cab=Cab. Where the groups a and b are complex, the dipole moment 
of the group may largely overshadow the effect due to the cis or Irans 
configuration of the molecule. However, in the case of diethyl maleate 
(v = 2.54 X 10“ 18 e.s.u.) and diethyl fumarate Ox = 2.38 X 10~ 18 
e.s.u.) the cis form has the greater dipole moment. 16 For olefins of 
the type Cab=Cde or C ab=Cad, the dipole moments are not so 
useful in the assignment of configuration. 

X-Ray Measurements (p. 1762). Debye has examined the x-ray 
diffraction patterns of the two dichlorocthylenes. 17 In the lower- 
melting isomer, which has been generally assigned the cis configuration, 
the distance between the chlorine atoms is 3.6 A. In the higher-melting 
irans isomer this distance is 4.1 A. Thus, x-ray measurements also con¬ 
firm the configurations which were assigned on the basis of the other 
physical properties. 

Other Physical Constants (p. 1720). The density, 18 molecular refrac¬ 
tion, 18 molecular dispersion, 18 absorption spectra, 20 Raman spectra, 21 
parachor, 22 and other constants for cis-trans isomers have been studied, 
and sometimes they aid in assigning definite configurations to the 
isomers. However, these measurements are less useful than the ones 
which have been discussed above. 

Kinetic Studies. Recently studies on the rates of reactions involving 
cis and trans isomers have been used to establish configuration. Wright 23 
found that ns-methyl cinnamate was mercurated about three times as 
fast as the trans form, and that cis-stilbcne was mercurated readily while 
the trans isomer was not. Using these facts for comparison, Thomas and 
Wet more 24 mercurated the isomeric 2-butenes and on the basis of reac¬ 
tion rates assigned the trans configuration to the isomer which melts at 
-108.8°. 

14 Smyth -rtd Walls, J. Am. Chcm. Soc., 53, 527 (1031). 

11 Deby . ‘ht/tik. Z., 31. 142 (1930). 

" von V \\m and Harrcs, Z. phytik. Chcm.. 143, 1 (1929); Wnascrroann, Dcr., 63, 
559 (193**) 

*• vo- * :wcrs and co-workers. Bcr.. 54. G24 (1921); 56. 724 (1923); 57. 437. 440 (1924); 
Ann., 4;'., 40. 91 (1923); Chavanne, Rcr. g(n. set.. 36. 333 (1924); Bruylanta. Bull. soc. 
chim. Be , 39. 572 (1930). 

*° Err .a and Henri, Compl. rend.. 181. 54S (1925); Errera. J. Phys. Radium, (VI) 7. 
215 (192- ); Bruylanta and Caatille. Acad. roy. Bclg., 8. 130 (1925); 13. 707 (1927); 
Bruylanta Bull. soc. chim. Bclg., 39. 572 (1930); ItAmart-Lucas and Hoch. Cotnpt. rend., 
189. 090 (1929); Ann. chin,.. [ 10 1 13. 385 (1930); Stobbc. Bcr., 43. 504 (1910); Boly and 
Tuck. J. Chcm. Soc.. 93. 1902 (190S); Baly and Schaefer, ibid., 93, 1812 (1908). 

*» Piaux, Ann. chim.. [11] 4. 107 (1935). 

23 Scincrin und Kibotti-I.issone. Ga : z . chim. Hal., 60, S62 (1930); Sugdcn and Whit 
taker. J. Chcm. Soc.. 127. 1868 (1925). 

“Wright, J. Am. Chen. Soc., 57, 1993 (1935). 

31 Thomas and Wotmorc. ibid., 63. 130 (1941). 
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meso-Dibromobutane and mcso-d ibromosuccinic acid react with 
iodide ion faster than the corresponding dtosomers."- 6 
The reaction involved is 


RCHBrCHBrR + 31” 


•* RCH=CHR + I 3 ” + 2Br" 

Young « studied the rates of reaction of a large number of isomeric ethyl¬ 
ene dibromides with potassium iodide and found that the mcso-d.bro- 
midcs (from the Irons compounds) reacted more rapidly than the corre¬ 
sponding dl -dibromidcs (from the «* compounds). Rate studies of this 
type may be used as a means of identifying as-lraus isomers. 

Interconversion of ds-trans Isomers. Usually, one of the isomers 
of a ds-trans pair is a labile form and can be readily changed into the 
more stable isomer by the action of heat or a variety of chemical agents 
For example, heat converts maleic acid into furnace acid,- me h> 1 
cis-a-bromocinnamate (Fig. 28) into methyl <rans-a-bromoci»nnmatc - 

H—C—Cjlh 


Br—C—CO 2 CII 3 

F 10 . 28 


Heat 


C t H»—C—H 

II 

Br—C—COaCHa 

Fio. 29 


(Fig 29) • and angelic acid (Fig. 30) into tiglic acid -• (Fig. 31). In most 
of the isomers that have been examined, the m form »the labile and the 
Iran, form the stable one. This agrees with the usual difference , 1 , energy 

H—C—CH* ii-at CHr-C—H 


CHa—C—C0 2 1I 

Fio. 30 


CHa—C—COali 

Fio. 31 


content shown by the heat of combustion data for the isomers in this 

series. (Sec Table L> ^ ^ u about equal, mixtures of the ds 

, , 3 . ll(W 1 , v hon either compound is treated with 

and '--. f °™;“ r nv P ^^T^%c.,ing the cis compound (Fig. 32) 
S2?£Sl eon-ion ,0 the Irons compound (Fig. 33), and 

C«H.—C—Br C * H ‘ — 9 Br 


C.n 6 CO— C—Br 

Fio. 32 


Br—C—COCeH* 

Fio. 33 


. - 4 -J 1A\ MQ*>4) 45. 345 (1920); Dillon, Young, and Lucas 

« Van Duin. Rtc. Irar. ehim.. 43. 341 ( 

J. Am. Chem. Soc.. 52. 1953 (1930). s ci 1040 (1939). 

“'s;»Tsss,; ». «• <««>. 

>*<»«. 
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heating the trans compound with iodine also gives a mixture of the two 
isomers. 30 

The effect of exposure to sunlight often parallels the action of heat, 
but ultra-violet light, by the addition of energy to the stable form, trans¬ 
forms it into the labile modification. Thus, exposure of fumaric acid to 
ultra-violet light converts it into maleic acid. 31 This general proce¬ 
dure is often the best method for obtaining the labile form, since the prod¬ 
uct of a chemical reaction is usually the stable modification. 

Small amounts of various chemical agents also promote the inter¬ 
conversion of isomers. It is probable that only substances which can 
add to the double linkage can effect the transformation. The halogens 
and halogen acids are the most widely used reagents. Traces of iodine 
and sunlight are catalysts for the conversion of maleic ester into fumaric 
ester 32 and m-cinnamic acid into frans-einnamic acid. 33 Boiling with 
aqueous solutions of any of the halogen acids converts maleic into 
fumaric acid, 34 citraconic acid into mesaconic acid, 3S and m-a-methyl- 
glutaconic acid into ba/is-a-methylglutaconic acid. 36 Nitric and nitrous 
acids can also be used; the latter converts erucic acid (Fig. 34) into 
brassidic acid 37 (Fig. 35), and oleic acid (Fig. 36) into elaidic acid 36 
(Fig. 37). Phosphorus pentachloride converts maleic acid into fumaryl 
chloride, which, on hydrolysis, yields fumaric acid. 39 


H—C—(CHi) 7 CH 3 

II 

H—C—(Cl I *) i iCO*H 
Fio. 34 


CH 3 (CIl2)7—C—II 


H—C—(CH 2 ) i»C 0 2 H 
Fio. 35 


H—C—(CII 2 )j—CH* 

II 

II—C—(CII 2 )r—C0 2 H 
Fio. 36 


CH 3 (CH 2 )7 —c—II 

II—C—(CH,) 7 C0 2 H 
Fio. 37 


Skraup made the interesting observation that neither sulfur dioxide 
nor hydrogen sulfide alone was able to cause the transformation of maleic 
acid into fumaric acid, but, when aqueous solutions of the two were added 

10 Dufr .isse, Cotnpt. rend.. 168. 1C91 (1914). 

3 « SU.. r.ncr. B<r., 42. 4SG5 (1909) ; Warburg. B.r. Iterl. Akad.. 900 (1919). 
n AnachUtx, Bir.. 12, 2282 (1879). .... 

31 Ho: ihoud and Boraneck. J. chim. phus.. 24. 213 (1927); Borthoud and Ureth. 

27, 291 (1030). 

J * Skraup, Monatsh., 12. 118 (1891). 

35 Kckul6. A mi., Spl., 2 . 94 (18G3). 

34 Feist and Pommc. Ann .. 370. 07 (1909). 

37 KankolT. J. prakt. Chcm.. 131. 293 (1931). 

34 Grim, “Analyse dor Fctte und Wachsc." Springer. Berlin (1925), Vol. I, P- 239. 

» Perkin. Ber.. 14. 2548 (1SS1). 
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to maleic acid, conversion to the Irons isomer did occur. 40 The con¬ 
version appears to be due to the presence of finely divided sulfur, since 
the addition of acid to a solution of maleic acid containing sodium 
thiosulfate also causes the formation of fumaric acid. 41 

Various theories have been advanced to account for this catalytic 
effect of halogens, halogen acids, etc., in the conversion of cis to Irons 
isomers. Usually the explanation has involved addition of the catalyst 
to the double bond and subsequent removal of the catalyst to regenerate 
the double bond. The most serious objection to any such theory is 
that, in general, the products of addition of these catalytic agents to an 
olefin are stable and should not be decomposed under the conditions 
which produce the transformation of one isomer to the other. 

Olson 42 has pointed out that the conversion of ris-dibromoethylenc 
to frans-dibromocthylene by the catalytic action of bromine and heat is 
very closely related to the Walden inversion which has so often been 
observed in optically active molecules in reactions which involve groups 
attached to an asymmetric carbon atom. According to Olson s views, 
the conversion of m-dibromoethylene (Fig. 38) to (rans-dibromoethylene 



(Fig. 40) would alter the configuration of one of the atoms carrying the 
double bond. This change is brought about by a bromide ion colliding 
with one of the carbon atoms held by the double bond at a point on the 
face of the tetrahedron opposite the n,,cx occupied by the bromine atom 
(Fitr 39). This particular position on the face of the tetrahedron 
opposite the apex occupied by the bromine atom is the easiest point o 
approach for the entering bromide ion because the sphere of influence of 
the carbon-bromine bond in the olefin molecule extends backward to this 
point. When the bromide ion strikes this face of the tetrahedron the 
bromine atom originally attached to the apex opposite the point of col¬ 
lision can move away from its point of attachment, and the tetrahedron 
will re-form with the new bromine atom on the opposite side of the mole 


"Skroup. Monalsh.. 12. 108 (1891). 

« Freundlich and Schikorr. Kolloulchrw. BrxKffls 22. 1 (19-6). 
43 Olson. J. C'hern. Phy*., 1. 418 (1933). 
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cule. Naturally, this change may go in either direction, but the tend¬ 
ency will be to produce, in the end, the more stable or trans isomer. 

This theory of Olson is very attractive for the inversion discussed, 
where the catalyst is made up of particles which are like those attached 
to one carbon atom concerned in the interconversion, but it does not 
cover those where the reagent which causes inversion is entirely different 
from the groups in the olefin. A more general theory must be sought to 
account for these interconversions. 

At the present time the best general mechanism 43 which can be ad¬ 
vanced to account for the interconversion of isomers is one which in¬ 
volves a polarization of the double bond, such as Carothers has postu¬ 
lated as taking place in the preliminary stage of an addition reaction 
involving a double bond.* 4 

• • 

a:C::C:o a:C:C:a 

• • •• •••• 

6 6 6 6 

Fio. 41 Fio. 42 

This unbalanced molecule (Fig. 42) is probably produced by a col¬ 
lision between one of the catalyst molecules (Fig. 43) and the olefin, 
resulting in a transitory double molecule (Fig. 44). Then the bombarding 
catalyst molecule drops away from the carbon atom, and the polarized 
double bond (Fig. 45) comes into existence for a short time. In this 
molecule the carbon atom which is deficient in electrons is unbalanced, 



and the vibration of the positive nucleus will be of such a nature as to 
make the atom essentially planar. When the tetrahedral nature of this 
carbon atom is lost, there is just as much chance for the double union to 
form and produce the trans isomer (Fig. 46) as there is for it to produce 
the original cis isomer. Moreover, since the trans isomer is fundamen- 

41 Berthoud and Urech, J. chim. phys.. 27. 291 (1930). 

44 Carothcra, J. Am. Chem. Soc., 46. 2226 (1924). 
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tally the more stable, the molecules which are formed with this configura¬ 
tion will eventually be the only ones in the reaction mixture. 

The rates of thermal isomerization of several cis-trans isomers in the 
gas phase were studied by Kistiakowsky 45 and by Jones. 46 The isomeri¬ 
zation was found to be homogeneous and of the first order over a range 
of 566-608° K. in the case of tra ns-dichloroethylene. The mechanism 
proposed for such reactions was activation of the carbon-carbon double 
bond to form a single bond with two free valences, free rotation, inversion 
at one carbon atom, and again formation of a double bond. 

A new and interesting example of cis-trans isomerism is furnished by 
the stilbenediols of which 2 , 2 / , 4 , 4 # , 6 , 6 / -hexamethyktilbenediol is an 
example 47 Catalytic hydrogenation of mcsitil (Fig. 4 /) produced either 
the <* or irons form, depending on how long the treatment "'as con¬ 
tinued. The ci's or low-melting isomer (Fig. 48) was always formed fii»t 
and slowly isomerized to the irons isomer (Fig. 49) under the influence of 



hydrogen and platinum. The pure CM form was converted to the irons 
form merely by shaking it with platinum catalyst, which represents an 
interesting catalytic conversion of a cis to a Irons isomer. 

u Kistiakowsky and Nolle,. iW.. M. 2208 (.932): Ki,.iak„ W .ky and Smith. Mi. 
66 , 638 (1934); 67. 209 (1935); 68. 706. 2428 (1930). 

“ Jones and Taylor, ibid.. 62. 3480 1 (1940). 

« Fuson. Scott. Horning, and McKocvcr. xbxd.. 62. 2091 (1940). 
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Lutz 48 has made a systematic study of the effect of substitution on 
the stability of the geometric forms of /3-aroylacrylic acids. The forma¬ 
tion and reactions of lactones and lactamols in the cis acids and amides 
have also been investigated. Lutz found that a methyl group on the 3- 
carbon atom of the acrylic acid stabilized the cis form better than a 
methyl group on the 2-carbon atom and that methyl groups on both the 
2- and 3-positions made the cis form very stable. 

The compound made by esterification with methyl iodide of the 
silver salt of the acid obtained by the action of benzene on maleic an¬ 
hydride was identical with the compound made by the action of ben¬ 
zene on the monomethyl ester acid chloride of fumaric acid. Inversion 
had taken place in the case of the maleic anhydride to give the traris 
acrylic ester, Fig 50, indicating it to be the stable form. 

CeHiCO—OH 

II 

HC—CO*H 

i Silver salt 
CHjI 

C1CO—CH c „ CeHiCO—CH 

ii w ii 

HC—CO,CH, A,cu HC—CO,CH, 

Fio. 50 


HC—CO 
12 ° 


C«H, 

Aic? 


Isomerizations of 3-(p-bromobenzoyl)-2-methylacrylic acid (Fig. 51) 
and 3-benzoyl-2,3-dimothylacrylic acid (Fig. 52) are summarized in the 
following charts: 


CICOCII 

II 

CHaCCOCl 


C«H»Br 

AlClj 


BrCelLCOCH 


CHjCCO,H (OH-) 


Fio. 51 


Sunlight 

Ether 


C ih , ° F 1 BrC.H.COCH 
' CHjCCOsCHj 

Irons form 


CHClj 

+ 

Is 


(OH -) 

»CH|OH Sunlight 

CjIIjOH 


CIIClj 

+ 

1* 


HCCOC e H 4 Br 

II 

CH 5 CC0 2 H 

cii form 


CHjNj 


-> 


HCCOC fl H 4 Br 

II 

CH 3 CC0 2 CH, 

cm form 


** Lutz und othera. ibid.. 52. 3423 (1930); 55. 1108. 15S5. 1593 (1933); 66, 446, 1378 
(1934); J. Org. Chen.. 4. 95 (1939); 6. 77. 91. 175 (1941). 
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CH a C—CO 


CH a C—CO 


CHaC—COC1 

II 

CH 3 0 2 CC—CH 3 


t 

L> 


CHaC —COCeHa non 

0r !l „ „ < CH.OH 

CHaC—COjH 

Fio. 52 


CHaC—COCeHa 

II 

CHaOjCC—CHa 


tram form 


CHjNj 


CHjC—COC«H» 

II 

CH 3 C—CO,CHj 

cit form 

Chemical Behavior of cis-trans Isomers. It has already been 
mentioned that as isomen, can often be converted o r mg compounds 
more readily than can the /ran* isomers. There arertherpactions 
which the isomers show distinct differences in their bchavmr. 

Sunlicrht will cause the two cinnamic acids to dimenze, RiMng cjclo- 


C«H 6 

1 


Cell, 


CO,H C«H§CH-CHCO*H 

u IIOiCCH-CHC.H* 


CO?H 


Fio. 53 


Fio. 54 


(Fig. 54), whereas cv-cinnamic acid (Fig. 55) gives truxinic acids 
(Fig. 50)" 

1 (1905) ‘ Btr.. 42, 4805(1900); 44. 039 (1911); 
° Stocrrner and -47 1780 (1914): 66. 1030 (1922); Stobbe. licr.. 68. 2415. 

«. 3090 (.912,; 46. 1249 (1913,. jj^g, 199 (1940,. 

2869 (1926); Sheinyakin. Com pi. rend, acaa 
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CflH& CO 2 H 


c= 

=c 

1 

1 

H 

H 

C fl H 8 

1 

c= 

co 2 h 

1 

=c 


H H 
Fia. 55 


C«H 5 CH-CHC fl H 6 

I I 

HOjCCH-CHCO 2 H 


Fio. 56 


Relationship of Olefins to Acetylenes. Wislicenus pointed out 
that the addition of groups to an acetylene (Fig. 57) should theoretically 
produce a cis isomer of the olefin type 60 (Fig. 58). 



+ XY 


Fio. 57 


H—C—X 
H—C—Y 


Fio. 58 


In actual practice this theory has been found not to be valid. Michael 
showed that addit : on of bromine to acetylenedicarboxylic acid (Fig. 59) 
produced mainly dibiomofumaric acid 51 (Fig. GO), and halogen acids 
gave halofumaric acids (I*ig. 61) rather than maleic acid derivatives. 62 


C0 2 1I 


C 

III + Br 2 

C 

I 

COoH 

Fio. 59\ nx 


Br—C—COjH 

II 

HOjC—C—Br 


Fio. 60 
x—C—CO 2 H 

HOiC—C—H 
Fig. 61 


“ ^ isI . ic °? U8 ; Abhandl • «***• Gcs. ir »«.. 14. I (1S87) [Chcm. Zcntr., 1005 (1S87)1 
61 Michael. J. j/rakt. C'fitm.. 46. 210 (1S92). 

“ Michael, ibid., 62. 321 (1S95). 
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Catalytic reduction of acetylene derivatives sometimes yields ns and 
sometimes irons olefins, depending on the catalyst and he '°" d ^° ns ° f 
reduction. These results show that addition to the triple bond must in¬ 
volve configurational changes during addition, or inversion ^ o-WSn 
isomers by the catalytic effect of the adding group The conditions 
“favor inversion are eneountered in the conditions which favor 

addition of a reagent to an acetylene molecule. derivative 

It is easier to remove halogen acid from a Ira ,is olefimc demerit e 

than from the cfs isomer. Thus, halogen acid is «^oved from cMor^ 
fumaric acid (Fig. 62) about forty-eight times more rap.dl> than ,t 
from chloromaleic acid“ (I* >g- 63). 


ci— c— co 2 h 

II 

HOaC—C—H 
Fio. 62 


KOH 

Rapid 

reaction 


CO'H 

I 

c 

III 
c 


KOH 

l- 

Slow 

reaction 


CO : H 


Cl—C—C0 2 H 
H—C—CO-II 

Fio. 63 


In the cases studied, the elimination of groups from Irans positions 

UkL SrSTSS, .!». .Un.ta.Uon .1 <ho »«. «r.op. >tata 

acids leads to the formation of tartaric nci m^no-tartaric acid * 

that careful oxidation of maleic acid (Fig. 04) yields meso-ta.tanc acid 

(Fig. 65), co ,„ 



Fio. 64 


while under the same conditions fumaric acid (Fig. 06) yields cH-tartaric 
““in SoSation it is obvious that the hydroxyl groups enter the 


M Michael, ibid., 62. 308 (1805). 

M Kckul6 and Anschutz. Dcr.. 14. 713 (1881). 
“ Kckul6 and Anschutz. Bcr., 13. 2160 (1S80). 
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molecule at the same positions on the carbon tetrahedrons which were 
previously united in the double union, and cis addition has occurred. 

CO?H COjH 


H—C—C0 2 H 

II 

H0 2 C—C—H 

Fig. 66 


DU. 


KMnOj 


HO—C—H 

I 

H—C—OH 

I 

C0 2 H 


+ 


H—C—OH 

I 

HO—C—H 

I 

co 2 h 


Fig. 67 


cis Addition, however, is not the general behavior, for bromine adds 
to maleic acid to give the racemic dibromosuccinic acid, whereas fumaric 
acid and bromine give the meso-dibromosuccinic acid. 66 The mech¬ 
anism of the addition of bromine to the double union must be somewhat 
different from that of the addition of hydroxyl groups by the action of 


potassium permanganate. 

Braun 67 has shown that the nature of the reagent and the experi¬ 
mental conditions used have important effects in determining whether 
cis or trans addition occurs when the crotonic acids are oxidized. The 
following chart summarizes his results: 



CO,H 

H-C-OH 

HO-C-H 

I 

CH, 

dl-Thrc©.l,2-dl- 
hydroxybutyrlc Acid 
Al.p. 75* 


CO t H 
11—OH 

on 


** V/ 


CH, 

cI/-Erytlin»-l,2-dl- 
bydroxy butyric Acid 
M.p. &T 


The Diels-Alder Reaction. The steric selectivity of the diene 
synthesis has been studied by Alder and Stein. 5 * There are two possible 
ways in which the diene can add to the activated double bond: 

M Teny and Eichelbcrger. J. Am. Chnn. Sue.. 47. 1007 (19*J5). 

• 7 Braun, ibid., 61. 228 (1929). 

M Alder and Stein, Angcw. Chcm., 60, 510 (1937). 
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If 

R 


or 


i 


ci, addition • ddiUo ° 

An example is the reaction of 1 , 3 -butadiene with maleic acid: 

CH=CH CH=CH 


CH—CH 

1 I - . 

CH* CH* HOtC 


r \ / 

e ° SH ^ _h/ H * " \H^/ 


CHt 


C 

I 

HOtC 


I 

CO,H 


Fio. 68 


I I 

HO-C H 

Fio. 69 


The cm acid (Fig 08) is isolated from the reaction mixture. Proof of this 

W the fact thai hydrogenatio., of the product gives the o-hexahydro- 

phthalic acid (Fig. 70). The «« acid does not come from rearrangemen 


0 

HOtC CO*H 

Fio. 70 


1^^ 


HOtC 
Fio. 71 


1,4-bcnzoquinone: 



CH=CH, 

cn=cH. 



or 



Fio. 72 


Fio. 73 


hydrophthalic acid (Fig. 70). Numerous studies have shown that pure 
tie addition always occurs in the diene synthesis. 
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Another type of isomerism possible in diene syntheses is the exo- 
endo type. This is illustrated by the reaction product of cyclopenta- 
diene and maleic anhydride. Actually, the endo form is produced m 
the reaction. 



cis-trans Isomers in Polyolefins. When more than one unsym- 
metrically substituted double bond is present in a molecule, the num¬ 
ber of cis-trans isomers can be readily determined by writing out 
the possible structures. If the groups attached to the doubly bound 
carbon atoms are such as to make all olefin units unlike, the number of 
isomers possible is 2", where n is the number of olefin linkages. Thus, 
the compound afcC=CR—CR=Ccd can exist in four cis-trans forms 
(Figs. 74-77). However, where the substitution around the olefin 


R—C- 


-C-R 


JU JLd 


Fig. 74 


R-C- 


C-R 


a 


Fio. 75 


R—C- 

II 


C—R 

II 


a —C—6 (I —C —c 
Fio. 76 


R—C- 

a 


C—R 




Fio. 77 


linkage is such as to make the units alike, the number of isomers is less 
than 2". For example, the compound a6C=CR—CR—Ca6 can exist 
in only three cis-trans forms (Figs. 7S-S0). 


R—C-C—R 

a —C—6 b —<> 


•C —a 


Fio. 78 


R—C-C—R 

II II 

6—C —a a-C—b 


Fio. 79 


R—C-C—R 

II H 

a —C —b a —C —b 
Fio. 80 


Kuhn and Winterstcin 59 point out that the number of isomers in 
polyenes of the type, R(CH=CH)„R is equal to 2 n_l 2 P_1 ; where n 
is the number of double bonds. If n is even, then p = nf 2; if n is odd, 
then p = (/i + l)/2. The synthetic and natural polyenes usually occur 
in only one of the possible isomeric forms. 

19 Kuhn nnd Winterstcin, licit. Chim Acta, 11, S7, 11G, 123, 141 (102S). 
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Carbon-Nitrogen Double Bonds in Oximes 

•JUS K. ~~- i=1 ~£ i-SS 

oximes have been recorded. In 1890 atom an oxime 

out that if the three ^'T^should be an analogy between the 

do not lie in the same P lanc ' " Comers in the olefin series. 

fs^amedon-ctly the same basis 

of restricted rotation as was use* in kctoncs should be 

All aldoximes and ketoxm.es of unsjTnmetnea of the 

capable of existing in cis and Irons forms (I igs. )■ 



:ir r: 



: 0 :|l n-.o 



:R' R- 



Fxo. 1 


Fio. 2 


Fig. 3 


Fio. 4 


nitrogen "^*JS«** ““ t.^—fol STS 
These compounds arc usually 

Figs. 5-8. 

R—C—R' R —C— R 


R—C—II 

II 

HO—N 
Fio. 5 


R-C-H 

II 11 

N—Oil HO—N 

Fig. 6 Fio. 7 


X—OH 
Fio. 8 


i„ *. “ttJ isrrts 

in place of cis, and anti in P“ (hc oxime closor t0 the hydrogen 

£ ■«> “» 1“” ** 5 > ” ““ 

1 Goldschmidt. Bcr.. 16. 2170 (1SS3). 

* Bcckmnnn. Bcr.. 20. 2700 (lb»7). 

* Hantzsch and Werner. *«'- **• nlom j s tetrahedral, tertiary aminos of the 

* It should bo noted that, if _ t j,j 9 ] lu8 never been realized expcriinont- 

tyi»o R*R*R*N ehould be resolvable. llo«e%er. 

oUy (p. 402). 
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hydroxyl group and hydrogen are on the opposite sides of the double 
union is called anti. In the case of ketoximes, it is necessary to indicate 
which group of the ketone is syn or anli to the hydroxyl. The examples 
given below illustrate the system of naming which is in common use. 


HON 

Fig. 9 

*yn-Phcnyl p-tolyl kctoximc 
or 

anfi-j>-Tolyl phenyl ketoxime 


NOH 
Fig. 10 

*vn-p -Tolyl phenyl kcloxime 
or 

an/i-Phenyl p-tolyl ketoxuno 


It has been suggested that syn and anli forms of oximes are structural 
and not stereoisomers. The various possible structural forms which 
have been suggested are the following: 

H 


R—C 




JIN'/ 
Fio. 11 


R—C—R' 

I 

N=0 
Fio. 12 


R—C—R' 

II 

HN—O 
Fio. 13 


N—OH 
Fig. 14 


The first two of these possible isomers (Figs. 11 and 12) contain 
asymmetric carbon atoms and should be resolvable, whereas no oximes 
have been obtained in which optical activity is due to the oxime group¬ 
ing. The nitroso structure (Fig. 12) docs not account for the known 
amphoteric character of the oximes. 

The amine oxide type formula (Fig. 13) has received considerable 
attention. Actually alkylation of a symmetrical oxime often produces 
two isomeric products, one a nitrogen alkylated oxime which is derived 
from this amine oxide type, and the other an oxygen alkylated product 
derived from the usual oxime structure (Fig. 14). 

Semper and Liehtenstadt 4 showed that benzophenone oxime (Fig. 15) 
on methylution gives an N-mcthyl derivative (Fig. 16), and an O- 
inethyl derivative (Fig. 17). 

CdW-C— C.IW (cu,'-so« C«IU—C—C.H. Cell*—C—CtHi 

—-> ;l and ll 

N—Oil NoOU CIL—N-O N— OCH, 

Fio. 15 Fio. 16 Fio. 17 


Fio. 15 Fio. 16 Fio. 17 

non / \zn uon/ \z.. 

JsilCl N^CIIjCOjQ ^/UCI \^CHjCOjH 

cducoc.Hj caijCiiCeiu Ceiucoc.iu c#h»chc.h* 
+ 1 +1 
[CIIjNII.OIIJCl CIIjNII [HjNOCH»)Cl NHj 

Fig. 18 Fig. 19 

4 Semper and Liehtenstadt, Dcr., 51. 92S (191S). 
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The structure of the N-methyl derivative (Fig. 16) was established 
by *e faTthat it could be hydrolyzed to give N-.ne.hyihydroxy arnu. 

on alkylat.cn giy* U a ;\' , n .. com , tin „ for the S yn and anti forms of 

oxide structure d<~ not »>c^Staatoni. of these isomen, 
ox.mes, but is neee- : ^ , riva , cnt nitrogen atom in an oxime 

H finely moved‘bv the resolution of the oxime of cyclohexanonc-4- 
TaTboSlic arid by Mills and Bain.* This oxime does not exist m «» and 



H 

-/-M 


N 


\ 


OH 




, 11 if ihi* three valences of the nitrogen atom 

anti forms as would be requned^ racemic mixture which can be 

were in one plane. It docs, cxi resolution of this oxime 

separated into its two optical (Fi , 2) is Il0t a possibility, 

further shows that the a plan e of synunetry. 

since 4 -nitrosocyclohcxane-l-c ^ „ . nt of ^figuration to 

Determination o Configure Nation of an oxime to a cyclic 

oximes has been made ontlie to -l ri , arrun( , omont 0 f an oxime; 

ZZ^ZStt*****" - —« 

restricted rotation in certain oximes. c Mrans isomers 

Relationship to Cyclic tructure of an oxime 

in the olefin series the best method oi proMu*, 

is to relate it to a cyclic forms of 2 -chloro- 5 -nitrobenz- 
Brady and Bishop P r ‘l ^ when treated with 

aldoximc. These two isomers •» that the 

dilute alkali ch.ont to form a cyclic mole- 

• Brady and Mehta. /. CM-. Soc ™- ** «•«>• 

• Mills and Bain. ibid., 97, 1S00 U910J. 

» Brady and Bishop, ibid.. «7. 13o7 (1925). 
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unstable acetate (Fig. 23) with acetic anhydride; the acetate loses 
acetic acid readily to give the nitrile (Fig. 24). Since only the anti form 
of the aldoxime (Fig. 20) can give a cyclic compound, it must be con¬ 
cluded that trans elimination of acetic acid is the rule in the aldoxime 
acetate series. 



The iudoxazine (Fig. 21) readily rearranges to the phenolic nitrile 
(Fig. 22). 

The syn form of 2-chloro-5-nitrobenzaldoxime (Fig. 25) is not con¬ 
verted to a cyclic molecule with dilute alkali and gives a stable acetate 
(Fig. 26) on treatment with acetic anhydride. This acetate can be con- 


OtN^S-<?H 




(CII,C0),0 


NO 


Cl 


NOH 



NOCOCHj 


Fia. 25 


Fia. 26 


verted to the nitrile (Fig. 24), but only with difficulty, and the change 
apparently : olvcs a preliminary rearrangement of syn-acetate (Fig 26) 
to an *!-acetate (Fig. 23). 

; . isenheimer 8 made a similar study with the isomeric 3-nitro- 
? lichlorobcnzaldoximcs. The anti -oxime (Fig. 27) gave a cyclic com- 
p<, d (Fig. 28) which readily rearranged to the phenolic nitrile (Fig. 20). 

acetate of the oxime (Fig. 30) was unstable, and sodium carbonate 
„ .verted it into the nitrile (Fig. 31), whereas the syn -oxime (Fig. 32) 
was unaffected by alkali and gave a stable acetate (Fig. 33) on treatment 
with acetic anhydride.* 

Meisenheimer 9 used this same general procedure to establish the 
structure of the syn and anti forms of 2-bromo-5-nitroacetophenone 

8 Meisenheimer. Thcilacker. nnd Bcisswenger. /Inn., 495. 249 (1932). 

* The literature provious to 1925 contains many errors in connection with configura¬ 
tional work on nldoximes. as it was then thought that the oxime which gave the unstable 
acetate and nitrile was the syn compound. In reading this earlier literature, it ahould be 
remembered that configurations are reversed in almost all cases. 

9 Meisenheimer, Zimmcrmann, and Kummcr, /Inn.. 446. 205 (1926). 
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Cl CHaCOON 


F 10 . 30 
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Cl 


■CH 
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NOW 


NO* 



Fio. 32 


F 10 . 33 


... . 1-1 o unaffected bv alkali and must, 

oxime. The«-oxunc , melt.ng a 1- ““J , p aud thc methyl 

therefore, be s yn with respect to M • hldosazinc (Fig. 36) 

respect ,0 the hydroxyl 

group and phenyl group (F ig. 3o). 

C-CII, Nm0B 0,Nf^|-C-CH, 




Fio. 34 


Fio. 35 




Fio. 30 


In 1921 Meiscnhcimcr «• oxidized 3 , 4 ,Mriphenylisoxazole (Fig. 37) 
and oliaLed thTbenzoyl derivative (Fig. 38) o .he~^ 
having the hydroxyl an.i with respect .0 the 

derivative was hydrolyzed to the free oxime (F,g.39) xMneh.on 

ation, gave thc original acyl der.vativc again. 


CtH»—C 


C—C.H. C.H»- 

Oxld. 


:-cau 




A 

—O—C—C*Hi 

& 

Fio. 37 F, °- 38 

»• Mciecnhcimcr and Wcibozahn. 64. 3105 (1021). 


cat*—C-C—C*II» 

Ub 


Fio. 39 
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In 1924, Kohler « ozonized 3 , 4 -diphenyl- 5 -carboxyisoxazole (Fig. 40) 
and obtained the same monoxime of benzil (Fig. 39). This form had 
previously been named the /3-monoxime of benzil. The second isomer, 
called the a-monoxime of benzil, must have the syn -phenyl configure 
tion (Fig. 41). 

C»Hfc—C-C—C«H» C«H* C-C—C»H* 

,H NOHO 

0-Bcnxilmonoxime 

FlO. 40 FlO. 39 

The Beckmann Rearrangement (p. 979). In 1880, Beckmann u 
treated benzophenone oxime with phosphorus pentachloride and after 
decomposing the reaction mixture with water isolated benzamhde. 
This rearrangement of ketoximes to substituted amides 




Fig. 41 


R,C—NOH 


/> 

RC—NHR 


is a very general reaction and may be brought about by a variety of re¬ 
agents, such as phosphorus pentachlorido, 12 phosphorus oxychlo¬ 
ride, ,2> 13 acetyl chloride, 14 benzcnosulfonyl chloride, 16 acetic anhydride 
containing hydrochloric acid, 14 sulfuric acid, 16 and many metallic 
chlorides. 17 

Early work showed that the isomeric forms of a ketoxime led to iso¬ 
meric amides. The reaction became a reliable method for determining 
the configuration of ketoximes when Meisenhcimcr (see above) definitely 
established the structure of 0-benzilmonoximo (Fig. 42) and showed 
that it r .lured the anilide of benzoylformic acid (Fig. 43) in the Beck¬ 
mann • .. / v.'.gcmcnt. 


C'llt—C-C—Cells 

— CellsCOCOXHCells 

NOH O 

Fig. 42 Fig. 43 

11 Kohler, J. Am. Chew. Su<.. 46, 1733 (1924). 

«* Beckmann. Bcr.. 19. 9SS (1SS0). 

»* Beckmann. Dcr., 27. 300 (1S94). 

>« Beckmann, Bcr., 20. 25S0 (1887). 

» Wege, Bcr.. 24. 3537 (1S91); Werner and Detscheff. Bcr.. 38. 69 (1905). 

>• Beckmann. Bcr., 20. 1507 (1887): 27. 300 (1894). 

XT Beckmann and Bark. J. prakl. Chew.. 105, 342 (1923): Lehmann. Z. angcw.Chcm. 
36, 360 (1923); I.achman, J. .4m. Chcm. Soc., 46. 1477 (1924); 47. 260 (1925). 
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Also, a-benzilmonoxime (Fig. 44) of established configuration gave 
dibenzoylimide (Fig. 45) by rearrangement. 

_» C.HsCONHCOCeHs 
Fio. 45 



HON 0 
Fio. 44 


*-■- «» transformations: 
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II 
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-OH 
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NHR 


HO 


HON 
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-R 


R 


NHR 


lte eariicr -J.-*^2^2 

data obtained by Beckmann a ^ , cxc h a nged their 

positions. At present the • {mcs ig that certain aliphatic 

determimng the configurate interconvereion of the two 

ketoximes give both amides owing to reaaj mi 

forms of the oxime. 19 . ton and Taylor 20 meas- 

Di P oU Moments of and N-methy. 

ured the dipole moments (p. 1| > . one anU W crc able to correlate 

ethers of the oxime of ™ , ined b the Beckmann rearrange- 

somc of their results wU 'determiningconfiguration, this physical 
ment. However, as a method of dewnnuu & 

measurement is still unsatisfactory^ , ^ ox imes 

Restricted Rotation. Mc^nh.im P P 4(J and 47) auJ 

of Uareto-^hydroxy-^ea'^^" ^ ^ wiUl coniinc> cinchonine, 

found that one form of the oxime W P in pyrid i nc , indicating that 

and strychnine which exhibit mut ethcr of the 0-oxime 

the oxime molecule is asymmetric. 

" Meiaonhcimer, Der., 54. 3200 J l02l j- Q31) . jjlatt. Chcm. R.r., 12. 215 0933). 

•• Sutton and Taylor. J. Chen. 6*«c.. 

*® Sutton and Taylor , J. Chem. &*•• - 249 (19321. 

»• Moieonhoimor. ThcUacker. and Bc,«wc»gcr. .Inn.. 495. 
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(Fig. 48) was obtained in two optically active forms. The existence 
of optical isomers of this oxime or its ether can be explained on the basis 
of restricted rotation similar to that observed in the ortho substituted 
biphenyls. Restricted rotation would be expected in the oxime > m 
which the hydroxyl group is syn to the naphthalene nucleus (Fig. 47). 
The a-oxime could not be resolved, and its alkaloid salts showed no 
mutarotation. Its configuration must, therefore, be that with the 



oxime hydroxyl group anti to the naphthalene nucleus (Fig. 46). The 
products from the Beckmann rearrangement of these two oximes arc 
those which would be predicted from the configurations assigned to the 
oximes on the basis of the resolution experiments. 

Interconversion of syn- and anti- Oximes. Wien an aldehyde or 
unsymmetrical ketone is treated with hydroxy la mine, the two possible 
forms of the oxime do not always result. Usually in the aliphatic series 
only one form can be isolated. Most of the known pairs of isomers have 
been obtained from aromatic aldehydes and ketones. Hantzsch - 
studied the configurations of a large number of oximes. He arranged 
the following series of R groups on the basis of their attraction for the 
hydroxyl group of the oxime. 


CII 3 > C ; ltn+i) > C 4 II 3 S, C 4 H 3 O > o-C 6 H 4 X > C«H 6 CO > 
and p-CiHiX > C«H 5 > C0 2 1I > CH=CTiC0 2 H > CII 2 C 0 2 H 


Thus, in an oxime prepared from a ketone C 0 H 5 COR the syn -R form 
(Fig. 49) is stable if It comes before phenyl, and the anti-R form (Fig. 
50) is stab! if It follows phenyl in the above series. 


R—C—Cell 6 

II 

1ION 
Fio. 49 


R—C—C e H 6 

II 

NOH 
Fio. 50 


Many reagents convert the labile oxime into the stable form. Bro¬ 
mine, acids, and bases have been used extensively for this purpose. Heat 

” Hantzsch. Der., 26. 2104 (1S92). 
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usually converts the labile isomer to the stable; ultra-violet light often 

C ° n ^tte/carton-Nitrogen Double Bonds. It is evident that any mole- 

imides of the type shown m r lgs. 

reported syn and anti forms of certain Schiff s bases. 


NO* 

Oi 


—OCjHi 


N—Cl 
Fio. 1 


NO* 

Or CiH ‘ 

Cl—N 
Fio. 2 


This general field has not been so intensively studied as the olefins 
and oximes. 

Nitrogen-Nitrogen Double Bonds 
A logical extension of the 

prediction that syn-anU .somem should b ^ ^ ^ example of this 
the typo A-N-N-A or A N J ^ iso|ation of tlie cis a „d 

type of isomensm has been Juin . 

trans forms of azobcnzcnc. (Figs. 1 anU *h 



N 



N 


cm or *vn form 

Fio. 1 



from or oafi form 


Fio. 2 


1 Fehrlin, Der., 23. 1574 (1*90). 

* KrauM. Der.. 23. 3017 (1890). 

'Overton, Der.. 26, 32 (1893). 

4 Hopper, J. Chem. See.. 127 1282 ( I9-5 ^ 
•Sticglitz and Earle. Am. Chem. J.. • » cr 

Dilpcrt, ibid., 40, 150 (1908). Sticgl.U an«l 1 eicno . 
Chem. J.. 46. 326 (1911). 

• Manchot and Furlong. Der.. 42. 3030 (1909). 


Sticglitz. ibid.. 40. 30 (1908) 

. 43. 782 (1910); Peterson, Am 
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Azobenzene prepared by oxidation of hydrazobenzene or reduction 
of azoxybenzene is always isolated as the trans form, winch melts at 68 . 
Recently Hartley > succeeded in isolating the cu form of azobenzene^ An 
acetic acid solution of ordinary azobenzene was exposed to sunhght for 
some time, water added, and the mixture filtered. E^ctimi of the 
aqueous filtrate with chloroform gave m-azobenzcne, which melted at 
71.4°. The cis form had a dipole moment of 3.0 Debye units in contrast 

to a zero dipole moment for the trans form.* . 

Hartley has also studied the equilibrium as s* trans in various 
solvents and has found that from 15 to 40 per cent of the m isomer is 
present in solutions exposed to sunlight. The conversion has an activa¬ 
tion energy of 23 keal., and two values are given for the heat of con¬ 
version, 12 keal. per g. mole by Hartley, and 9.9 keal. per g. mole by 

Corruccini and Gilbert. 3 , 

The two forms of azobenzene and other azo compounds have also 

been separated by chromatographic adsorption. Aluminum oxide was 
used as the adsorbent and petroleum ether or benzene as the solvent. 

Freundlich and Heller ‘ found that the cis form was more strongly 
adsorbed on alumina than the trans form, especially from petroleum 
ether solution. The trans form is more strongly adsorbed on charcoal 
from methanol solution. 

von Auwers has substantiated the cis nature of the new form i>y 
spectrochemicai methods.* 

Euler and Hantzsch 7 observed that treatment of p-methoxy- 
benzenediazonium chloride (Fig. 3) with sodium cyanide produced at 
first a true diazonium cyanide (Fig. 4) which gradually isomenzed to 


CH; 


Oil-- [ c,i O 

nJ 


Fio. 3 


N 

Si 

Fio. 4 


CN- 


give a mixture of two products which they showed to be the syn (Fig. 5) 
and anti (Fig. 6) forms of the corresponding diazocyanide. 

The diazonium cyanide (Fig. 4) is a colorless salt, soluble in water, 
and gives a solution which is a good conductor of electricity. The syrv- 

1 Hartley. Nature. 140. 281 (1937); J. Chcm. Sue.. 033 (193S). 

* Hartley and I-c F6vre, J . Chcm. Soc.. 531 (1939). 

* Corruccini and Gilbert. J. Am. Chcm. Soc.. 61. 2925 (1939). 

« Cook. J. Chcm. Soc.. 870 (193S); Cook and Jones, ibid., 1309 (1939); Zechmcistor. 
Frehden, and Jorgensen. Naturu isacmchajtcn, 26, 495 (193S). 

6 Freundlich and Heller, J. .4m. Chcm. Soc., 61. 2228 (1939). 

6 von Auwers. Bcr., 71, Gil (193S). 

7 Euler and Hnntzsch. Be*.. 34. 4100 (1901). 
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and an/t-diazocyanides arc colored, insoluble in -ter solubk m organic 
solvents, can be hydrolyzed with water to give amides, and react with 



CH 



Lh 


Fio.6 


nitrogen double bond dostrays t ± the sa me addition 

p-chlorobenzene diazocyamdc (Hp. ' anu ^ 
product (Fig. 9) with benzenesulfinic acid. 


“-Q-y 


Fio. 7 


C*H»SO|U 


■XX 


CN 


< 

X H 




N 


CeH^SO,' 


-CN 


Fio. 8 


Fio. 9 


04 , , WatPis • extended the study of diazoevanides to 

those trcould l^rZior^ 

anfz-diazocyamdes were thcrmall> staoic, 

photochemically into the ^^‘^ ^ ^Xion of a ayn-diazocyanide. 

If rilvernitr.t . i. M ^ lfcl „ 

silver cyanide is produced, " hcr f“ 3 ^ to the syn form by 

xr is. Ess;™ »,«*—- «*■ ■"«“ 

facts are expressed in the following equilibria. 



■N 


NC—N 


^ [ArN^N] + CN 


• Hantzsch and Glogauer. Bcr.. 30. 2M8 <*?•*> * 

• Stephenson and Water*. J. Chrm. Soc.. 1796 (1939). 
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If solutions of the syn-diazocyanides in non-ionizing solvents such 
as carbon tetrachloride, benzene, and ether are warmed, no nitrogen is 
evolved although a conversion to the more stable anti form is observed. 
Addition of copper powder, however, results in a complete decomposition. 

Measurement of the dipole moments of several pairs of isomenc 
diazocyanides has confirmed the conclusions of Hantzsch that the anti 
forms are the stable isomers." The progress of the spontaneous isomer¬ 
ization of the cis into the trans forms in benzene solution was followed by 
means of dielectric-constant measurements. The activation energy for 
the conversion of p-bromobenzenediazocyanide was found to be 21 .b 
kcal., which is nearly the same as that for the conversion of cis - into 
trans- azobenzene, leading to the suggestion that both transformations 
proceed by the same mechanism. 

Hantzsch 11 prepared syn- and an/i-diazosulfonates by the action of 
potassium sulfite on diazonium salts. Both syn and anti forms were 
reduced to give the same potassium phenylliydrazine sulfonate, C 6 H 6 - 
NHNHSO 3 K. 

nir-rir—rj+ c i^ 

FiQ. 10 F 10 . 11 Fio. 12 Fia. 13 

The action of alkali on diazonium salts converts them into syn- and 
anft-potassium diazotatcs. In the case of potassium p-nitrophenyl 
diazotatc, the two forms arc stable enough to isolate . 12 The syn isomer 



Fio. 14 Fio. 15 


(Fig. 1 . . »rms first, but gradually changes over to the more stable 
anti ison..;r ^Fig. 15). In the older literature, the anti diazotate is fre¬ 
quently called the isodiazotatc. The existence of these isomers lias also 
been explained on the basis of tautomerism, but this explanation has 

/H 

C 6 H*N=NOII CeH s N< 

X NO 

less experimental foundation than the syn and anti type of isomerism 
which Hantzsch originally suggested. 


10 Lo F6vre and Vino. ibid.. 431 (193S). 

11 Hantzsch, Ber., 27. 1715. 1720 (1S94). 

11 Schraubc and Schmidt, Ber., 27, 514 (1S94). 
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Mtliler » 1 j-* Ho"C^ 'S£ 

a ss~-sr* ,h “ 

the Iran* form (Fig. 17) is the one havmg the smaller xalue. 

CH, CH * 




Cyclic Compounds 

„ ,»«. t ho host e\i)orimcntal evidence now avail- 

CarbocycUc Compounds Th ^ ^ am , five _ mcm bercd rings 

able indicates that the aton ’ planes, one on each side 

he in one planeand the ^bsLluenUfaU n tuopl (hc £yelic 

of the plane of the ring (Figs. 1 





Fio. 1 

, r „f rotation around the single bonds 

structures restrict the frwJor f ^ ^ or more aloms in such a 

between the atoms in thenmg., 1 Mrallt isomeriiin is encountered. 

nng arc unsymmetncally substit , * strain l css configuration 

Six-mcmbcred rings wry I y . far as the experimental 
(p. 69) and, therein..« ™^ isomPrism in these rings 
evidence now goes, the occtmcn , anar rings Little is known 

may be considered along withJ ^ cMrans isomerU m with 

experimentally concerning P ycry ukcIy that c is-lrans isomer- 

nngs of more than six atoms whcr e two or more ring atoms 

ism will be encountered J"‘Joscm ring fa of such a large size 
arc unsymmetncally substituted** , ation aroun d the single 

that there is no longer any restnction to tree roiai 

bonds which hold it together. 

»» MttUcr. Ann., 496. 132 (1932). 
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Relationship between cis-trans and Optical Isomerism in Cyclic Com¬ 
pounds. If should be remembered that cis-trans isomerism in cyclic 
molecules is often closely associated with optical isomerism (p. 315). 
For example, the cyclopropane molecule shown in Fig. 1 is a cis form, and 
it is also a meso form. The corresponding trans form (Fig. 4) is one of a 
racemic pair. The cyclopentane molecule shown in Fig. 3 is likewise a 
cis and meso form, whereas the trans form of this compound (Fig. 5) is 
one of a racemic pair. 



Fio. 4 Fio. 5 


In cyclic molecules there is often cis-trans isomerism without optical 
isomerism. The 1,4-disubstituted cyclohexanes (Figs. 6 and 7) and the 
1,3-disubstituted cyclobutanes (Figs. 7 and 8) offer illustrations. 


a a 


a a 


A_A 

Y' 


A—A 

7/i IVl 


A x “ ° H 


I I 

a a 

Fio. 6 


a a 
Fio. 7 


A 

Y l H 

i \ ° /1 

aX A /o 

l 

Fio. 8 


iA\i 




Fio. 9 


Determination of Configuration. The best method of determination 
of the structure of cis-trans isomers in the cyclic series is to test the re¬ 
solvability of the molecule. As indicated in the preceding section, many 
cis forms arc meso, whereas the corresponding trans forms are racemic 
and resolvable. This method of structure proof, though limited in its 
application, is the most trustworthy method where it can be utilized. 

Boeseken 1 devised a satisfactory method for determining the con¬ 
figuration of 1,2-dihydroxy compounds. A cis- 1,2-dihydroxy compound 
adds boric acid to give a cyclic complex (Fig. 10) which is a much stronger 

1 Boeseken, Rcc. trar. chim.. 40. 553 (1921); Hermans. Proc. Acad Sci. Amsterdam. 
26, 32 (1923). 
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acid than boric acid, whereas a <Ww-l.^hydroxy compound does not 
form such a complex. 

—CH—Ov ,0—CH- 

CH—IX 'O—CH CH S 

L~W Njh/ 

u Fio. 10 


CHr 

I 

CH, 


H 


Physical properties, such as melting point, solubility, and conductiv¬ 
ity of acids which aid in assigning configurations to as-trans isomer, 
2uH olefin series, are of little use in the cyclic scries because there am 

prep«d by B. Kuhn,’ show, the properties of 

the hexahydrophthalic acids. 

Hexahydrophthalic 

Acid 
ds 
trana 
da 
trana 
da 
trana 

In the cyclic molecules, as in the olefin series, it is to be.expected^that 
cf. groups will react more readily with each other ‘han do/ran, group. 

and this aids in the detennination of configuration. Thu , P 

series, camphoric acid (Fig. 11), which is the cm r form, mad1- pvesai» 
anhydride, whereas isocamphoric acid (Fig. 12) docs gi 


m 


M. P- 

Solubility 
in Water 

K x 

190* 

Greater 

4 6 X 10"* 

215 

Less 

6 6 X 10 * 

162 

Greater 

8 0 X 10'* 

147 

Less 

4 0 X 10" 5 

163 

Greuter 

36 X 10" s 

>300 

Less 

6.6 X 10 * 


CH. 


H 

I 

-C 


CH 


co 2 h 

I 


COiH\ 

C(CH*)t 
CH, / 


CH- 


V 

I 

C0 2 II 
Fio.11 



H 

CH; 


CH, 


i/ 


C(CH,) 2 

/ 


co 2 h 

Fio. 12 


* Kuhn, Helv. Chim. Ada. 11. 71 ( 1028 ). 

• Atchan. Ber„ 27 . 2001 ( 1804 ). 
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Yet, trans dibasic acids frequently do give anhydrides, and hence the 
mere fact that a dibasic acid does give an anhydride is not a proof that 
it is a cis form. However, it is usually true that the trans anhydrides are 
less stable than the cis , and often rearrange to the cis forms. For 
example, the racemic cyclohexane-1,2-dicarboxylic acid which is trans 
(Fig. 13) gives an anhydride (Fig. 14) which, on heating, rearranges 
to the anhydride (Fig. 15) of the cis or meso dibasic acid (Fig. 16) . 4 



Fio. 15 Fio. 16 

Heats of combustion of the anhydrides of cyclohexane-1,2-dicarbox- 
ylic acid indicate that the trans anhydride is the less stable. 4 

The (: <ning of one ring in a bicyclic molecule, as in the hydrolysis 
of cis-cy .opentenc oxide (Fig. 17), would be expected to lead to a cis 
form of a monocyclic molecule. However, this does not follow, for 
Boescken 6 showed that the above oxide gives a glycol (Fig. 18) which 
must be the trans form since it is resolvable. 

Wislicenus 7 devised one certain method of determining configura¬ 
tions which is based on the same general principle as Korner’s method of 
determining orientation in the benzene ring. The two forms of 2,5- 

4 Bacycr, Ann., 258. 217 (1S90). 

5 Roth and Mttllcr, Landolt-Bornstcin. Springer. Berlin. Fifth Ed.. Suppl. part 1. p. 875 

4 Bde8eken. lice. trav. chim., 39. 183 (1920). 

7 Wislicenus, Dcr., 34. 25G5 (1901). 
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CH. CH. CH. CH. CH. CHr—CH. CH. CH. CH.—CH. H 
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CO,H 
Fio. 21 



CH: 


CO,U 
Fio. 23 


diethyl ester of the dibasic acid (Fig. 19) gave an acid ester .Tbr ester 
group which would hydrolyze most easily ts ic un uni e . 

below the plane of the ring (Fig. 19). Elimination of eato d.OMde 
from the resultant acid ester followed by vigorous hydro'ys^ of the 
remaining ester group gave a single monobasic acid winch must haic 
the structure shown in Fig. 22. 
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The use of the idea of steric hindrance has also served to distinguish 
between hydromellitic acid (Fig. 24) and isohydromellitic acid (Fig. 25). 
The latter gives a monomethyl ester when treated with methyl alcoholic 


C0 2 H co 2 h 


co 2 h co 2 h 
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hydrogen chloride, whereas the former remains unesterified. 8 Likewise, 
Vavon 9 assigned structures to certain monosubstituted cyclohexanols 
(Fig. 20) on the basis that the cis forms are more difficult to esterify, 
and their esters are more difficult to saponify. 

CHr—CH 2 

/ \ 

ch 2 choh 

\ / 

CH,—CHR 

Fio. 20 


Interconversion of Isomers. Interconversion of cis-trans isomers in 
the cyclic series takes place readily only when there is a chance for 
tautomerism. Kxamples are menthone 10 (Fig. 27), the hexahydro- 
phthalic acids, and camphoric acid 11 (Fig. 28). The reagents which 


CH 3 CII 2 —CO H 
1 / \! 



H CHr-CH. CH(CHj)* 


Fio. 27 Fio. 28 

8 van Loon, Bcr.. 28. 1270 (IS95). 

9 Vavon. Bull. *oc. ckim.. (4| 39. GG6 (1920); 43. GG7 (1928). 

10 Beckmann, Ann.. 250, 334 (1889). 

11 Aschan. Ann.. 316. 217 (1901); 387, 10 (1912). 
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cause the convention of one form to another arc those which also favor 

en °HeterocycUc Compounds. The introduction of a hctero atom such 
as oxygen, nitrogen, or sulfur in the cyclic system does not change the 
real ring structure, since these atoms are tetrahedral. The cyclic.acetate 
in the sugar series are well-known examples of the heterocyclic com- 
» i» .ho ring. Comubert nod R.hino. - tav« 
isolated the two forms of a.a^diphenyltetrahydro-y-pyrone (l ig. 29 . 
The chapter on alkaloids (p. 1166) furnishes illustrations of c,s-trans 
isomerism involving nitrogen rings. 

Cells 
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CH,-CH, R 
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the disulfoxide of 1,4-dithian (Fig. 31). 
0 CH,-CH, O 

V N 


Flu. 31 

-Cornubort and Robinet. Hull. -*■ "ill? 4 ’‘ 

■■ Bonne,, and Waddlngton. J. Clem. Sue.. <•>«»>• 

14 Bell and Bennett, ibid.. 179« f li»^7). 

14 Bell and Bennett, ibid.. 15 (1029). 
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The same authors isolated the 
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various cis-trans isomers of the di- and tnsulfoxides from trithian 
(Fig. 32). 
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Condensed Ring Systems, cis-trans Isomers exist in certain con¬ 
densed ring systems, but not in others. If the rings are fused in the Im¬ 
positions, two isomers may be obtained when both rings contain six 
atoms, both rings contain five atoms, or one ring contains six atoms and 
one contains five atoms. HUckel 16 isolated the cts (Fig. 33) and tram 
(Fig. 34) forms of decahydronaphthalene. Heifer 17 obtained two forms 
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of dccahydroisoquinolinc (Fig. 35), and Bocseken and his co-workers 18 
prepared the cis and Irons forms of naphthodioxane (Fig. 36), thus show¬ 
ing that condensed heterocyclic systems behave like the homocyclic 

,,! Iluckel. Ann.. 441. 1 (1925); 451. 109 (192G). 

llclfcr. Heir. Chim. Ada. 6. 795 (1923); 9. S14 (1920). 

** Bocseken. TcHegcn, and Hcnriqucz. Rcc. Irar. chim., 60. 909 (1931). 
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systems. HUckel and Friedrich » showed that hcxahydroMrindanonc 
(Fig. 37) occurs in two forms which are cis and Irons isomcis. 
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The existence of two forms of 3 , 3 , 0 -bicyclodctano =« (Fig 38) is evi- 
denle for t£ occurrence of eM«« isomers in fused five-membered nngs 

of the 1,2 type. found in only one form, thus 

ri " ! "■ 
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. . . , • iK, . 4 ined to exist in a Irons modification, 

the 1 2-position is too the Irons isomers will be 

For the same reasons it seems uni . f . 

encountered in any 1,2 condensed ring system 

members a.ring of^than five‘ is known in which two six- 

A considerable 3 . and thc 1,4-positions. The 

membered rings are fused througn im. 

“ HllcW.nd Friedrich, ^nn «,^32 0020^, _ imJ Unsttn<i . ,6,<i„ -13U 

10 Linstcad and Meade, J- Cncm. 

( Bartlett, /. Am. Chem. Soc.. 67. 224 (1935). 
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trans forms are highly strained configurations, and the experimental evi¬ 
dence points to the existence of only the cis isomers. Examples of these 
types of condensed nuclei are 3,3,1-bicyclononane 22 (Fig. 40), cam- 
phane 23 (Fig. 41), and 2,2,2-bicyclooctane 24 (Fig. 42). 
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The condensed ring systems are of considerable importance in con¬ 
nection with the chemistry of the alkaloids (p. 1166), terpenes (p. 70), 
sterols (p. 1379), and related compounds. 

Terphenyl Derivatives 

In 1929 Stanley and Adams 1 pointed out that terphenyl derivatives 
substituted in the positions orlho to the pivot bond joining the phenyl 
groups and unsymmctrically substituted in the terminal phenyl groups 
could exist in cis and trans forms. Several derivatives of this type have 
been prepared, and most of them are also isomers of the racemic and 
meso types as well as of the cis-trans type. Since these have already 
been described in the section on optical isomerism (p. 370), only the 
cis-trans isomers which do not show optical isomerism will be considered 
here. 

If the central benzene ring in the terphenyl derivative is substituted 
with ' ur like groups, the resulting terplienyls are not asymmetric, but 
cis-trw s isomerism is possible (Figs. 1 and 2). 


A A 




*'* Mecrwcin and Schfirmann. Ann., 398. 19G v 1913); J. prakt. Chan., 104, 1G1 (1922). 
” Httckcl. Ann.. 465. 123 (1927). 

54 Alder and co-workers. Ann.. 514. 1 (1934); Kasansky and Plato. Bcr., 68. 1259 
(1935>. 

1 Stanley and Adame, Rec. Irar. chim., 48. 1035 (1929). 
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Shildneck and Adams = prepared the cis w,d <ran« isomers of^li- 

(3-bromo-2,4,6-trimcthylphenyl)-l,3,4, 6-tetrahydroxy benzene (F.g. .,) 

and of some of their totraacyl derivatives (tig. 4). 


CHa 


HO OH „ p Rr 
Br CHa ^ HaC_J3r 



Br CH S I! F-^ H H;C 


CH > HO=OH HlC 


CHa CHa 
Fio. 3 



CHa 


CH * u'Ton HlC Br 


These paim or compounds - £ 

direct conversion of one form to in 


R U 


R R 

O-C c=o 



CHa 


tions which favor racemiza.ion of optically active 

derivatives will favorjn^conv^.on “ “ of u-rphcnyU 

.s no general ">'« h od “ Mpr R W hen optical activity is possible, 

,»*»»«•— -— 1 >- 

the isomers to me*o and raccin.t £’""*• dependent on restrieted 

™, iyp« of »*""* ^ .»r 

rotation around a single l>on<i n.i i 

and will undoubtedly l>c discovered ... other ser.es as well. 
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HISTORICAL 

Frankland, 1 in 1849, was the first to isolate an organometallie com¬ 
pound and then establish its constitution. He set out to prepare the 
free ethyl radical, using zinc to remove iodine from ethyl iodide, and 
obtained instead dicthvlzinc. 

2C«II&I 4- 2Zn —* (CsHt)sZn + Znl* 

Then, in a series of classical investigations with inflammable and 
poisonous compounds, he extended his studies to other metals and soon 
laid the groundwork of much of our present knowledge of organometallie 
chemistry. Although Frankland did not realize his primary objective 
of preparing alkyl radicals, it is significant that his organometallie com¬ 
pounds provided the essential means, long years later, for the prepara¬ 
tion of free alkyl radicals by pyrolysis. 

{CzlUhZn -> 2C*H» + Zn 

In fro radical chemistry, organometallie compounds not only are useful 
for t».e preparation of free organic radicals and the identification of 
free radicals (by combinations with metals to give organometallie 
derivatives), but also their use provides a satisfactory means for estab¬ 
lishing, uniquely in many cases, the existence of some elements in 
so-called abnormally valenccd states like tetravalcnt chromium in R 4 Cr. 

Frankland, before going deeply in his work, said that he “became 
impressed with the fixity in the maximum combining power or capacity 
of saturation in the metallic elements which had not before been sus¬ 
pected.” The strenuously advocated case by Kekul6 and others for a 

1 Frankland, Ann., 71. 213 (1S49). 
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fixity in valence found support, therefore, in the early work with organo- 
metallic compounds. It is interesting to note then, ho« thejhole 
picture of valence, as it concerned organomctallic compounds, changed 
over the years: at fimt, organomctallic chemistry did much to sustain 
the concept of fixity in valence; later, it provided a very useful 
establish the wide variability in valence for certain elements. 


DEFINITION 

Broadly speaking, organometallic compounds are compounds which 
hJfSSJSL- carbon with a metal. There is no agreement on 
.. . c ... f n „ M .„i T () some, the elements aic \ei> iargei> 

of all the elements have some of the properties of mctaU (B, C, bi, r, 
1 Sb Se T? Po I and Element 85); and only 13 elements are non- 
m NOS F CL Br, lie, Ne, A, Kr, Xe, Rn).* The organic 
metals (H, N, O, , j "somewhat metallic” elements to 

chemist would prcfci to U( nnui im > i . V ; <p i v 

exclude at least phosphorus, selenium, an io i » (a j on | y to 

:i2d*^ - 

compounds. of organometallic compounds. Those 

having^but one^^Xtale^of t7emeUl^TthesfabUitics 
of°the jtolliv ^nipotmtU^ CjHjNa.^CHahAli CHaHgCoHj, 

C 0 H 5 BeC, (C 0 H„ ,Pb3;.. ^ nii hav/a wL variety of sub- 
ahcychc, or aromatic, in a su £,j,..cnt which can react with 

sUtuents it obviously example, no compound 

of *• — *" d 

reaction ^ an HMgX 

or almost any and radical, W cannot be one 

pounds -act vigorously j ike Vntamethy.encmercury, 

tZZf'or it may be attached to a methylene group in a simple 
* Fcrneliue and Itoby. J- Cfcrm. Education, it. 53 (1035). 
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type like methylene-aluminum iodide, CH 2 =A1I. Where two or 
more atoms of a metal are present, we may have the same metal as 

CH 3 CH 3 CH 3 

I I I 

in dodecamethylstannopentane, (CHj)jSn—Sn—Sn—Sn—Sn(CII 3 ) 3 , and 

CH 3 ch 3 ch 3 

diiodozincmethane, CH 2 (ZnI) 2 ; or unlike metals as in 1-trimethyl- 
stannyl - 5 - trimethj'lplumbylpcntane, (CH 3 ) 3 SnCH 2 (CH 2 ) 3 CH 2 Pb- 
(CH 3 ) 3 . 

The two main classes of organometallic compounds are commonly 
known as “simple" and “mixed." By a simple organometallic com¬ 
pound is understood one which has only R groups attached to the 
metal (M) as R*M, whereas a mixed organometallic compound has 
both R and X groups attached to the metal, as R 2 MX. The simple 
types may be further divided into symmetrical (C 2 H 5 HgC 2 H 5 ) and 
unsymmetrical (C 2 H 5 HgC 4 Ho) groups. 

Strictly speaking, carbides are organometallic compounds, and 
although some of them have general characteristics that warrant their 
inclusion as organometallics it would seem desirable in the space allotted 
to give them no more than cursory consideration. Also, metallic 
cyanides and metallic carbonyls are not to be considered here, partly 
because of some uncertainties concerning their structures but more 
particularly because they do not appear to have what might be termed 
the essential characteristics of organometallic compounds. In view of 
such arbitrary limitations it may appear surprising to suggest the 
inclusion of compounds that have no carbon and so are not organic in 
a strict sense. However, a case of sorts can be made for the metallic 
hydrides. Several homologous scries have as theoretical first members 
a simple inorganic substance 


Cll 2 j 

CII.l 


h 2 

(H 3 o 

[NH 3 

(Nall 


ch 2 

cii 2 

ch 2 

CII 4 

cn 3 on 

CH 3 NH 2 

CH 3 Na 


chJ 

ch 2 

chJ 


[c 2 iuoii 

1c 2 H 6 NII 2 

(C 2 H*Na 


whose general properties warrant consideration with the organic mem¬ 
bers of the series. On such a basis, the first member of each series of 
simple organometallic compounds is a metallic hj'dride. Actually, 
some metallic hydrides do exhibit properties highly reminiscent of the 
organometallic compounds containing that metal. 3 

It should be stated at this place that organometallic compounds 

1 Kraus, ibid.. 6. 1478 (1929). 
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have not been prepared from all metals. There are some who believe 
that certain metals eannot form organometallic conpouiids. Uis 
probable, however, that all metals will form organometalhc compounds. 

OCCURRENCE 

The only reported oecurrenees in nature of compounds which might 
be considered to be organometallic are those of moissamte, S.C and ot 
cohenite (FeCoNi) 3 C. Both compounds have been found in meteorite.-. 
SnSSSSSrf certain types of organometallic compounds war- 
rants the prediction that others may be found. 

PREPARATION 

iXSTSEt ££ —«-«• 

syntheses of wide application. 

RX + M-RMX or 2 UX + 2M - R.M + MX, U) 

R,M' + M" — RsM" + M ' I’! 

R,M' + M"X : -* RsM" + M ’ X * 

compounds, which arc among historically important 

formations illustrated m reacuom, 2 and -1. Th ^ f| > synthelic 

organozmc compound, have bee compnunds which arc less 

purposes by the imi]y manipulated. Although 

inflammable, less toxic, and nior (he synthesis 

organozinc and J““J^nt thal many zi „c and 

of other organometaUtc compoun corresponding organo- 

mercury compounds aie best pnp.u 

magnesium and-lithium eompom^ of ^ ^ po(cntia| or aboye M . 

In reaction 2, M - B reaction 3, the reverse relationship 

in the electromotive senes but - react. scries . u 

generally holds and M is bek Qr , not typicaUy elect ro- 

should be stated however hat Urn r wwible . As spccific il.us- 
chemical in kind and that thc> formed in accordance with 

trations we have: theG^^tirmcd from mctal ,ic lithium and 

r «“■> * "> — 
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aluminum compounds formed from aluminum chloride and the Grig- 
nard reagent in accordance with reaction 3. In general, a more reactive 
organometallic compound is formed from a less reactive compound 
in reaction 2; and a less reactive organometallic compound is formed 
from a more reactive compound in 3. These generalizations apply to 
all organometallic compounds so that one might expect to use any RM 
compound for the synthesis of all other organometallic compounds. 
Something approaching this has been realized with the Grignard 
reagent, which has been used, at one time or another, for the prepara¬ 
tion of practically all other organometallic compounds, the more reactive 
ones being prepared from RMgX and a metal, and the less reactive 
ones from RMgX and a metallic halide. 


PROPERTIES 

The physical, chemical, and physiological properties of the numerous 
different types of organometallic compounds vary greatly. However, 
certain classes of RM compounds can be grouped conveniently. A 
simple and effective system of classification is by groups in the periodic 
table, and the organometallic compounds will be considered here in 
the order of such periodic groups. Fortunately, there are available two 
reactions which can be used further to simplify classification into the 
following three divisions on the basis of relative reactivities: (1) the 
highly reactive compounds; (2) the moderately reactive compounds; 
and (3) the relatively unreactivc compounds. The two reactions are 
addition to an olefinic linkage and addition to a carbonyl group. The 
highly reactive compounds add to both the olefinic linkage and the 
carbonyl group; the moderately reactive compounds add only to the 
carbonyl group; the relatively unreactive compounds add neither to the 
olefinic linkage nor to the carbonyl group in reasonable time. 

In order t** gain a broad survey of the whole domain of organo¬ 
metallic compounds there appear to be certain advantages to a prior 
consideration of a moderately reactive type, for not only do all moder¬ 
ately reactive compounds show the same general reactions, at different 
rates, but the highly reactive compounds also show such reactions in 
addition to the special reaction mentioned with the olefinic linkage. 

A moderately reactive RM type is the Grignard reagent. RMgX 
compounds are, at this time, the most important group of organometallic 
compounds, and a general knowledge of their properties should provide 
a useful basis for orienting and correlating the other types. 



OKGAXOM KTALLIC COM WHINDS 


GRIGNARD REAGENTS 

Historical. The first application of magnesium in synthetic organic 
chemistry was made by Barbior,« who in 1899 obtained d.methylhep- 
tenol from interaction of a mixture of methylheptenone, methyl iodide, 
and magnesium in ether. 

(CHj)jC=CHCH"CH-CCHj (CH 3 ) : C=CHCH 5 CH 5 C(CH S ) 2 

J ' OMgl 

. H ^_, (CHi)-C—CHCH*CHjC(CHj)j 


Then, in 1900, his student. Grignard,* resolved this typical synthesis 
into two reactions: first, preparing the RMgX compound ... ether solu¬ 
tion: and then treating the organomagnesium halide with a reactant. 
Grignard promptly realized the great possibilities of the reagent which 
later came to bear his name, and in a series of vigorously prosecuted 
studies he laid the foundations for much of our present knowledge of the 
reagent and its reactions. For his elegant work which provided organic 
chemists a most useful tool for syntheses he was awarded a Nobel prize 

m Lc'ing years before Grignard made his discovery, Hallwachs and 
Schafarik® prepared an organomagm-Mum compound by heating eth>l 
iodide with magnesium. On tin- basis of their examination they con¬ 
cluded that their product contained traces of diothylmagnesium. 
Later, Fleck’- purposefully set out to prepare phcnylmagncsium bromide 
(by the slow addition of bromine to dipl.enylmagnesium in anhydrous 
ether) in accordance with the following reaction written by him. 

(CcHj)sMg + Hri — CdhMgHr + C.H.Br 

However, because he obtained only bromobenzone and magnesium 
bromide he pictured the course of reaction as follows: 

(C«II»)>Mg + 2Br» — 2C,IUMr + MgHr 3 

and concluded that a stable compound corresponding with the formula 
C,H*MgBr was not formed. Subsequently, it was shown by othci»- 

* Barbicr. Com,,,, nml.. 128. 110 11809). 

‘Grignard. ibid.. 130. 1322 

• Hallwachs and Schufnrik. Ann.. 109. 2UG (ISoU). 

» (a) Flock, Ann., 276. 129 (1803). (M Gilman and Brown. J. Am. Chan. .Soc.. 62 
1181 (1930). 
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that phenylmagnesium bromide was initially formed and that the 
unfortunate addition of bromine in excess destroyed the first organo- 
magnesium halide prepared in ether. 

Preparation. The Grignard reagent is readily and conveniently 
prepared in dry ether. Some RX compounds react slowly, but by 
appropriate catalytic devices it is possible to initiate and accelerate 
the reaction. The yields are highly satisfactory, and the more fre¬ 
quently used Grignard reagents are obtainable in about 90-95 per cent 
yield. The commonly used solvent, diethyl ether, may be replaced 
by other ethers or tertiary amines. The preparation can also be effected 
without a solvent. Fortunately, it is not necessary to isolate the 
reagent, and the manipulation is simplified by preparing the solution 
in a suitable container and then adding the reactant, a procedure which 
reminds one of diazonium reactions. 

Occasionally the reagent is prepared indirectly by interaction of a 
Grignard reagent with an active or acidic hydrogen attached to carbon. 

C«H»C—CH + CaHsMgBr C 6 H fc C=CMgBr + C 2 H* 

Analysis. A sensitive, qualitative color test 8 ® for the Grignard 
reagent and other moderately reactive as well as for the highly reactive 
organomctallic compounds is readily carried out by means of Michler’s 
ketone (p, 7 /-tctramethyldiaminobcnzophenone). One-half to one cubic 
centimeter of the organomctallic solution is added to an equal volume 
of a 1 per cent solution of Michler’s ketone in dry benzene; the reaction 
product is then hydrolyzed by the slow addition of 1 cc. of water; and, 
finally, the addition of several drops of a 0.2 per cent solution of iodine in 
glacial acetic aci' ; ! wclops a characteristic greenish-blue color. With 
phenylmagnesium * romidc, as an illustration, the product is malachite 
green. 

U>-(CH3)2NC 6 H,>.C=0 + CeHsMgBr — [tKCHz^NCsH^CCs^ 

OH 



With radicals other than phenyl attached to the metal, the color is due 

to a related di- or triphenylmethane dye. 

•(a) Gilman and Schulze. J. Am. Chcm. Soc.. 47. 2002 (1925). (5) Gilman and Swiss 
ibid., 62. 1S47 (1940). (c) Gilman and Yablunky. ibid., 63. S39 (1941). 
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Inasmuch as the color test is directly associated with a compound 
having a carbon-metal linkage and not with compounds having a metal 
attached to an element other than carbon, the test is useful for de¬ 
termining when a reaction is complete, for if the organometall.c com¬ 
pound be not used in excess the product in the reaction mixture will not 
have a carbon-metal linkage and hence will not give a color test. Some 
acid chlorides and pyrrole interfere with the Mi.i.lers ketone test or 
color test I. There arc two other color tests. One of these, co or test 
II (p. 525), differentiates between Grignard reagents and organohthmm 
compounds; the other,*' color test III (p. 5W), is given by reactive 
arylmctnllic compounds, but not by alkylmctallic compounds. 

A simple procedure for the quantitative estimation of reactive and 
moderately reactive organome.allic compounds is to hydrolyze an aliquot 
and titrate the basic compound formed with a standard acid. 

RMgX + H,0 —* RH + Mg(OII)X 
Mg(OH)X + HX — MgX- + H:0 

Physical Properties. The RMgX compounds arc colorless solids 
which do not melt but decompose at elevated temperatures first under¬ 
going, in all probability, the following transformation, which may be 
general for oil mixed organomctalhc compounds: 

2CIIjMgO — (ClIa):Mg + MgCl* 


It is possible to cthcr-distil nlkylmagnes.iim halides, but inasmuch as 
the R 2 Mg and the MgX 2 com,»o..nds can also be cther-dLst.lled sep¬ 
arately there is no definite evidence that the RMgX found ... the dis- 
tillate comes over as such. 96 

The dialkylmagncsium compounds arc colorless crystals which can 
be sublimed under greatly reduced pressures, dimcthylmagnesium being 
most volatile. Under such conditions it is possible to obtain pure 
dimethylmagnesium from mclhylmagnes.um chloride.*' The thermal 
decomposition of mcthylmagncsium iodide - occurs at 240 

Chemical Properties. Inasmuch as the fol owing equilibrium is 
characteristic of Grignard reagents, it is clear that such reagents are 
really mixtures and that Grignard reactions arc reactions of RMgX, 
I^Mg, and MgX 2 compounds. 

2RMgX ^ RsMe + M e x * 

• (a) Gilman. Wilkinson. Fisbcl. and Moyers. M 45. 150 (1023): Houl*,, Bocdlcr 
and Fischer, Ur,.. 69. 1700 (1030,. <M G, , . |, a | . .,.d Uro«n 4 Ain. Chrm. Sec.. 62. 
(1930). <c) Gilman and Brown. Uec. fr.rr. ch,m.. 48. UM (1. 

•*> (a) Jolibois. Compl. rend.. 166. 712 (1013). (5) Coleman. Oilman. Adams, and 1 ratt 

J. Org. Chem.. 3. 09 (1938). 
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However, RMgX and R^Mg compounds show the same reactions, almost 
without exception, and differ essentially only in rates of reaction. 

The Grignard reagents almost invariably react as R and MgX units. 
In addition reactions to an unsaturated linkage, the R attaches itself to 
the relatively less acidic element and the MgX to the relatively more 


acidic element. 



C=0 
C=S* 
S=0 
N—0 
C=N 


MgX 


When the unsaturated linkage is made up of the same elements there 
arc only two important types to consider. One of these is the olefinic 
or acetylenic linkage to which Grignard reagents do not add, or do not 
add at an appreciable rate. The other is the azo linkage, and here two 
MgX groups add, the R groups then undergoing coupling to R—R 
compounds and disproportionation to R( + H) and R( —H) compounds 
(see p. 511 for a different course of reaction between azobenzene and 
more reactive RM compounds). 

C«H|N—NC*H§ + 2RMgX -+ C*H*N-XC.H. + 2R— 

MgX MgX 


With compounds like isocyanidos, the Grignard reagent adds to some 
extent to the terminal unsaturated carbon. 

/R' 

UN—C + R'MgX — RX—C< 

x MgX 


A related reaction occurs with some aliphatic diazo compounds. 106 

/R' 

RaCNj + R'MgX -> R*C—X—NY 

x MgX 

In . actions not involving addition to unsaturated linkages the same 
generalizations hold. That is, the R attaches itself to the relatively 
less acidic element and the MgX to the relatively more acidic element. 

C 6 UtOCslIt + RMgX — CelUOMgX + RC-H* 

That portion of the R groups which docs not combine with an element 
in such cleavage and related reactions couples or disproportionates. 

Cleavage by Hydrogen, Active Hydrogen Compounds, and Halogens. 
Grignard reagents can be cleaved by hydrogen under standard hydro- 
genat ion procedures. 

2RMgX + 2II 2 -* 2RII + MgH* + MgX* 


* See. Schdiibcrje, Ann., 454. 37 (1927) for the formation of cyclic sulfides from thioko- 
«onc8 and tlu* Gricnnrd reagent. Also, aoc p. 503 of this chapter for tho reaction with 
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This reaction is shown by other organometallic compounds and pro¬ 
ceeds most readily with the most reactive RM types. 11- Actually, 
phenylpotassium, for example, undergoes reaction by merely bubbling 
hydrogen into a petroleum ether suspension at room temperature, 
atmospheric pressure, and without a catalyst. 1,6 

CeH&K + H. — C*H« + KH 

Compounds which contain hydrogen attached to any element but 
carbon (and in some special cases when attached to carbon) cleave 
Grignard reagents in such a manner that the R group of RMgX com¬ 
bines with the active hydrogen. 

C«H,MgBr + C.H.OH — C.H, + CiH.OMgBr 

The noteworthy types which contain an active hydrogen attached 
to carbon arc the true acetylenes (having the —C=CH linkage), and 
the indcnc and fluorene types which have hydrogen attached to a 
carbon (indicated by an asterisk) bolding two strongly negative groups. 


o 


iu 


CH 

n 

CH 



an aao 


\c 

lit 


•c- 

H 


Diphenylmcthanc, having a carbon attache! to two phenyl groups 
which are not bridged, has no active hydrogen as far a. the Grignard 
reagent is concerned, but the hydrogens attached to the lateral carbon 
in diphenylmcthanc are acidic to other, more reactive organometal he 
compounds. The lateral hydrogen in triphenylmethane appears to be 
very weakly acidic, as judged by its slow replacement by-MgX when 
treated with a Grignard reagent. 

The vigorous destruction of Grignard reagents by active hydrogen 
attached to elements other than carbon emphasizes the necessity of 
excluding moisture from reagents and apparatus. The cleavage of 
RMgX compounds by active hydrogens can, however, be a most useful 
analytical reaction for two purposes. First, the concentration of low- 

” (a, Zartman and Adlan.. 7. X™. Cfc-. M. 3398 ; Burt; ck a,,d Adkin. 

ibid., 56, 438 (1934). (6) Gilman. Jacoby, and I.udcman. i bid.. 60. .330 (1938). 
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molecular-weight Grignard solutions can be determined with precision 
by adding an excess of water and measuring the volume of gas evolved. 
Also, of course, the acid-titration method of quantitative analysis of 
RMgX compounds depends on prior cleavage or hydrolysis. Second, 
the presence of active hydrogen and the number of active hydrogens in a 
molecule is readily determined by the widely used Tschugaeff-Zerewitin- 
off 12 analysis which consists essentially in adding an excess of methyl- 
magnesium iodide to a sample of the compound to be analyzed and 
measuring the volume of methane evolved. 

CHjMgl + RjNH CH 4 + R*NMgI 


Halogens cleave RMgX compounds as follows: 

2RMgX + 2I 2 -* 2RI + 2MgXI 


The 2MgXI probably disproportionates to MgX 2 + Mgl 2 . The 
reaction with iodine, in particular, goes quite smoothly, and has been 
recommended for the quantitative analysis of Grignard reagents. 
However, it is less accurate and not so widely applicable as the acid- 
titration method of analysis. 1 * As might have been expected, cyanogen 
and the halogen-cyanogens behave in a similar manner, but the un- 


symmetrical halogen-cyanogens can cleave RMgX compounds in two 
ways. 

RMgX + NC-CN — RCN + MgX(CN) 

RCN + MgXCl 

RMgX + Cl CN -L RC , + MgX(CN) 


Addition to Unsaturatcd Linkages (p. 646). The most widely used 
synthetic reaction of Grignard reagents involves 1,2-addition to an 
unsymmetrical double or triple bond. With a simple carbonyl group, 
alcohols are formed: formaldehyde gives a primary alcohol; other alde- 
hydr s a secondary alcohol; and ketones a tertiary alcohol. 

r 2 C=0 + R'MgX R.R'COH 


The color test I with Michler’s ketone depends on the intermediate 
formation of a tertiary alcohol. 

Esters (other than those of formic acid, which yield secondary 
alcohols) also give tertiary alcohols, but sometimes it is possible to 
arrest the reaction partly at the ketone stage. 

»* ZerowitinofT. Dcr., 40. 2023 (1907). Sec. also. Tschugncff. Bcr.. 35, 3912 (1902); 
HibbcrtundSudborough. J.Chcm.Soc., 85. 933 (1904); and. particularly. Kohler, Stone, 
and Fuson. J. Am. Chcm. »Sc>c.. 49. 3181 (1927). 

>» Job and Reich. Bull. aoc. chim.. 33. 1414 (1923); Gilman and Meyers. Rtc. trav. ehim., 
46. 314 (1926). 
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In genera., acids and their common derivatives like acid anhydrides, 
salts, acid amides, and acid halides give ketones and tertiary alcohols. 
The reaction with acid halides is of more than ordinary interest because 
of its bearing on the mechanism of reaction of Gr.gnard reagents with 
acid derivatives and because acid chlorides react with a large variety of 

organomctallic types. .... , . f 

In ketone formation from acid chlorides either direct replacement of 
chlorine by R or prior addition to the carbonyl linkage is possible. 

»C«H«COR + MgXCI 


C«H 5 COCl + RMgX 



R 


♦mcoMgx 

Cl 


C«H*COR + MgXCI 


Although there is no definite answer to the question a present . 
appears on the basis of studies by Entcmann and Johnson hat 
reaction takes place first by addition to the carbonyl group. Those 
authors carried out a scries of competitive reaction* m which one 
3 quivalent of phcnylmagnesium bromide was added to a 5®”" 

taining one equivalent of each of two reactants. A.i exaimna on oHhe 

products revealed the extent of each reaction. Ior( ^' lc ' ^ “ 
reaction between phenylmagnesinm bromide anda mixture o be £ 
phenone and benzonitrile there was recovered 9S per cent - 

nitrile and no benzophcnonc. Accordingly, the carbonyl group m 

groups are: 

—CHO > — COCH» > — NCO > —COF > —COC.1R, 

_COCI, —COBr > —COsCsIIt > —C=N 

If the reaction between acid halides and the P£ 

r eded by direct -pl-mcn^^other halides 
the least reactive of t o Uuoc a id ^ reactivity of halo- 

show rather consistently that th 01 Howcver> because 

gens in carbon-halogen £ most roacti ve acid halide 

he acd fluonde was actual y foun t hanUm do( , s not invo l ve 

it appears reasonable to continue 

a metathetical reaction, but addition to the carhonj «P- 

Prior addition to the carbonyl linkage of acid ha d *; nmj not be 
true of all RM compounds. For example, some of the uurcacl.ve 

■« F.nlcmann and John-.. 7. A- **. »■ »» < 1933 '- 
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organometallic compounds will react readily with acid chlorides to 
give ketones, but react extremely slowly or not at all with an aldehyde 
like benzaldehyde. In any event there appears to be another senes of 
relative reactivities of acid halides with the less reactive RM compounds. 
This finds support in the reaction between benzoyl halides and di-p- 
tolylmercury. 

C«H 6 COX + (p-CHjCftHO-Hg —* CeH*COCeH«CH*-p + p-CH 3 C 6 H 4 HgX 

Under comparable conditions, the yield of phenyl p-tolyl ketone pro¬ 
gressively decreases in the order: —COI, COBr, COC1, COF. 
Likewise, the yield of benzophenone from phenylzinc chloride and those 
of the benzoyl halides examined decreases in the order: —COI, —COBr, 
—COC1. Even with a moderately reactive type like organoaluminum 
compounds, benzoyl iodide is slightly more reactive than benzoyl 

chloride. . 

This does not necessarily exclude the possibility of prior addition 
to the carbonyl group, in acid halides, which may have been activated by 
halogen. The highly reactive carbonyl group in ketenc adds phenyl- 
mercuric bromide to give acetophenone 15 (p. 550). I'inally, even 
though addition does not occur at the carbonyl group, the initial coordi¬ 
nation complex may involve the carbonyl group. 

An unusually comprehensive scries of studies has been carried out by 
Whitmore and co-workers l6 ‘ on the types of reaction, particularly 
reduction, between branchcd-chain acid halides and branched-chain 
Grignard reagents. The following reactions are illustrative of the effects 
of pronounced branching. 

(CHa)aCCOCl + (CHi)aCMgCI -> (CH*) 3 CCHO + C<lh + MgCla 

(CH 3 )aCCHO + (CIIi)aCMgCl (CHjLCCIUOH + CdL 

The mechanism of reaction between esters and RMgX compounds 
to give *rtiary alcohols is also not clear. Grignard 166 interpreted 
the rear .ion as involving three stages, the first being addition to the 
carbonyl group. 

UCOOCjHs + R'MgX — RCR'(OMgX)OC 2 IIs (4) 

KCR , (OMgX)OC 2 m + R'MgX — RCR'sOMgX + CjIUOMgX (5) 
RCR'aOMgX + HOH -* RCR'sOH + MgX(OII) (6) 

Gilman. Woolley, and Wright, ibid.. 65. 2G09 (1933); Chute. Orchard, and Wright, 

J. Org. (’Arm., 6. 157 (1941). . 

i* („> Whitmore and co-workers. J. Am. ('hem. S'*.. 63. G43 (1941). (5) Grignard 
Compt. rend.. 132. 336 (1901); Ann. ehim. ph U s.. 24. 433 (1901). 



ORGANOMETALLIC COM POI NDS 


503 


An alternative mechanism involves the intermediate formation of a 
ketone which then reacts with the RMgX compound to give the tertiary 

alcohol. RC0 0C 2 H 5 + R'MgX -* RCOR' + C*H»OMgX (") 

Ketones have been isolated from such reactions, and Boyd and Halt 17 
carried out experiments to establish the transitory existence of ketones 
These authors showed that, when csten* are treated with Gngnard 
reagents in the presence of an excess of magnesium, pinacols are among 
the reaction products. The pinacols are known to form in ether so «i- 
tion by interaction of a ketone and the binary system (Mg.\ 2 + 

The necessary MgX 2 is present in all Gngnard preparations and is a so 
available from the following equilibrium which appears to ho d fur 
compounds having —MgX attached not only to caibou but also to 
other elements like nitrogen, oxygen, and sulfur. 

2ROMgX (RO)*Mg + yig&t 

The formation of pinaco! by the following sequence of reactions may 
then be interpreted as offering support for the existence of a ketone as 
an intermediate. 

Mg + MgX, * 2—MgX K.C-0 + -MgX - R,COMgX 

RjCOMgX RaCOMgX KtCOH 

RiioMgX RsCOMgX UaCOH 

If it be granted that ketones are formed as intermediates, there 
remains the question whether they are formed from the ester by pi 101 
addition to the carbonyl linkage in accordance with reaction 4 of Gng¬ 
nard, followed by elimination of C,H s OMgX; or by he direct replace- 
ment of the ethoxy (or RO-) group by R' of the R'MgX compound 
(reaction 7). Boyd and Halt suggest the initial formation of a mag¬ 
nesium complex, the ketone being formed by the ready loss of ethoxy- 
niagnesium halide. , , . • r 

On other grounds, Morton and Peakes'’ prefer the mechanism of 
Gngnard because if ketones are intermediate* one might expect to get 
better yields of tertiary alcohol from the ketone than from the ester, 
but such an expectation was not realized from tl.c.r cxpe.rn.ents 

,T Boyd and Hntt. J. Ckcm. Svc.. 898 (1927). 

11 Gomborg and Bachmnnn. J. Am. Ckcm. Soc.. 49. -30 ll9>7). 

** Morton and Pcakca. ibid., 66. 2110 (1933). 
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They obtained a distinctly better yield of 2 , 4 , 6 -tribromotriphenyl- 

2,4,6-C 6 H 2 Br 3 COOCH 3 l c#R|MgBr _ (2,4,5^ 6 H 2 Br 3 )(C fi H 6 ) 2 COH 
2,4,G-C 6 H 2 Br 3 COC 6 H 5 J 

carbinol from methyl 2,4,6-tribromobenzoate than from 2,4,6-tribromo- 
benzophenone. 

Whatever the mechanism of reaction, there is preliminary addition 
of some kind (possibly to give oxonium compounds), for in some cases 
the initial complex formed from ester and Grign&rd reagent regenerates 
the ester on treatment with water (p. 556). 

The series of relative reactivities of some typical functional groups 
is very useful. First, it suggests possible combinations of functional 
groups in a polyfunctional type wherein preferential reactions with one 
group or another might be realized; and, second, the series is broadly 
applicable to other moderately reactive organomctallic types which have 
been investigated. 

Cyanides give ketimines from which ketones are formed in the 
customary hydrolysis which concludes a Grignard reaction. 

—RR'C—NH 

-RR'O-O + NH 3 + Mg(OH)X 
Azomethylene compounds like benzalaniline give secondary amines. 

C«H»CH—NC.H. --**■* C«H»—CH—NC.H. C.H.CHNC.H. 

U MgX R H 

Reaction with the nit rosy 1 group attached to carbon as in nitroso- 
benzene is somewhat complex, but it appears that the chief course of 
reaction with phenylmagnesium bromide is the following: 

2C*n»MftBr 

C*H«K—O + CcHsMgBr — (C 6 H 4 ) 2 NOMgBr -» 

(C«Hs),NMgBr + C.H 5 —C«H» + (MgBr) 2 0 

the bromomagnesium diphenylamine givingdiphenylaminc on hydrolysis. 

With a nitro compound like nitrobenzene, the complex reaction 
appears to proceed largely as follows: 200 

CtHftNOs + 4C 6 HsMgBr -» (C.H*) S NH + C*H»—C«H 6 + C*H 6 OH 

It is to be noted here that part of the phenylmagnesium bromide is 
oxidized to phenol, and the chemiluminescence which accompanies 
this reaction is undoubtedly due to such oxidation. The formation of 

20 (a) Gilman and McCracken, ibid.. 61. 821 (1929). (6) Gilman. Kirby, and Kinnoy 
ibid., 61. 2252 (1929). 


RCN + R'MgX -* RR'C—NMgX-/ 
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diphenylamine and biphenyl in both the nitrosobenzene and nitrobenzene 
reactions suggests that nitrosobenzene is an intermediate in the nitro¬ 
benzene reaction. 


C«HsNOt + CeHuMgBr — CeH^NO + C c H s OMpBr 


When alkylmagncsium halides arc used, tetrasubstituted hydrazines 
are among the reaction products: for example, ethylmagnesium 
bromide and nitrobenzene give 1,2-dipheny 1-1,2-diethylhydrazine, 
(C 6 H 5 )(C 2 H 5 )NN(C 2 H 5 )(CoH 5 ). 

Compounds having two unsaturated linkages may be classified as 
(1) terminal or non-terminal cumulated unsaturated systems; (2) con¬ 
jugated systems; and (3) systems having the unsaturatod linkages 
separated by one or more carbon atoms. Systems having terminal 
cumulated unsaturation comprise types like ketenes (R 2 C=C=0), iso¬ 
cyanates (RN«=C=0), isothiocyanates (RN=C=S), and thionylamines 
(RN=S=0). In such systems, addition takes place predominantly, 
if not exclusively, under moderate conditions, to the terminal un¬ 
saturated linkage Hon 

C 6 H 6 N=C=-0 + RMgX — C«H*X—C—OMgBr * 

R 


CfiIUX=C—OH 
1 

R 


Rcarr. 



The reaction with isocyanates proceeds smoothly, and phenyl and a- 
naphthyl isocyanates arc among the reagents used to characterize 

RMgX compounds. 3 ' 

Non-terminal cumulated unsaturated systems, like RN—C—XR, 
generally give the reactions one would expect of the isolated simple 
unsaturated linkages. The very simple cumulated unsaturated linkages 
in compounds like carbon dioxide, carbon disulfide, and sulfur dioxide 
usually add but one molecule of Grignard reagent. 

RMgX + C=-0 — RC-OMgX —> RC-OII 

A A A 

RMgX -1- C=S — RC—SH 

S ' 

RMgX + S=0 — RS-OH 
O O 

11 Schwartz am! Jobnaon. ibid.. 63. 1003 (1031); Gilman and Furry, ibid. 60. 1314 
(1028). 
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The carbon dioxide reaction or carbonation has been widely used both 
for the preparation of carboxylic acids and for the characterization 
of many organometallic compounds. In order to reduce secondary 
reactions leading to the formation of ketones and tertiary alcohols it is 
desirable to cool the mixture or to have the carbon dioxide in excess 
by spraying the Grignard reagent into an atmosphere of carbon dioxide. 
A simple procedure that provides cooling and an excess of carbon dioxide 
is to pour the Grignard reagent upon solid carbon dioxide. 

Conjugated systems can undergo 1,2- or 1,4-addition, depending on 
the particular system and the Grignard reagent. The factors affecting 
1,2- and 1,4-additions to conjugated systems are considered on p. 673. 
Grignard reagents have the unusual property pf unlocking a conjugated 
system which is in part lateral and in part nuclear. With benzo- 
phcnone-anil, for example, addition does not take place at the lateral 
C=N— group; instead 1,4-addition occurs as follows: 206 


C«H»MgBr 

- y 


(4) 




non 

Rcarr. 


* OfK3 

OO 


and o-phenylbenzohydrylanilinc results. It is possible that steric 
factors are partly responsible for the 1,4-addition, inasmuch as it was 
previously shown that bcnzalanilinc, CoH 6 CH“NCgH 5 , underwent 
lateral 1,2-addition to the >C=N— linkage. The peculiar addition of 
KMgX compound to a lateral-nuclear system is shown by some other 
compounds having such a system: for example, the addition of phenyl- 
magnesium bromide to a highly phcnylated unsaturated ketone, 22 

51 Kohler and Nygnard. ibid.. 52. 412S (1930). 
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(C6H»)20=C—c 

iaH* o 


+ CtHtMgBr- 


H H 


(C*Hj)-C=C-C=/ H 

OH X C- C'' 

|\ H \h 


and to benzalquinaldine which has a lateral ethylcnic linkage and a 
nuclear N=C linkage. 23 


N^CH—CHC«!I» 


C«H»M«Br HUH 
> Itcarr. 


.OX 


CH(C.H.). 


With systems having two ....saturated linkages separated by one or 
more carbon atoms, the normal 1 , 2 -additions take place as in s.mple 
systems, and if there be an ethylcnic or acetylenic linkage ... such, 
systems there is no 1 , 2 -addition to these particular hnkages. 1,6- 

Addition is uncommon (p. 696). .... i 

Reaction with Oxygen and Sulfur. The rcact.on w.th oxygen and 
sulfur may be considered as addition of the Gngnard reagent to these 
elements. HOII 

RMgX + 0, — HOMgX -> ROH 

RMgX + S — RSMgX HO -> RSH 

It is interesting that, whereas oxidation of alkylmagnesium halides 
gives high yields of alcohols, the oxidation of ary magnesium hal.des 
gives low yields of phenols. The .....satisfactory yields of phenols are 
undoubtedly associated with a secondary react.on of the Gngnard 
reagent with ether peroxides formed from oxygen andl diethyl ether.-*• 
There U no satisfactory explanation for the significant differences 
between the alkyl and aryl Grignard reagents on ox.dat.on 

Inasmuch as the oxidation proceeds qu.te rapid y it is essenUal 
to exclude air in Grignard reactions which proceed slowly.’** 1 h.s .s 
done conveniently by operating in an inert atmosphere l.ke nitrogen. 

■•Hoffman. Faria.. and Fuaon. M.. M. 2000 (1933). CSoC “l» Allon and Over- 

bough, iWd., 67, 1322 (1935). and Cliarricr and Ghw. 69. -11 

,, , , out I or ter uiid Steel, J. Am. lAfm. ooc., li, 

«-£ “a; T6pcl - *■ 273 

(1939). </,) Goebel ond Morvcl. J. Am. Chtm. Soc.. 65. 1G.3 0033). 
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Oxidation of RMgX compounds by oxygen, peroxides, or many 
nitro compounds is accompanied by luminescence. In general, the 
chemiluminescence is greatest with arylmagnesium halides, and par¬ 
ticularly with p-chlorophenylmagnesium bromide. 

It is probable that the Grignard reagent is peroxidized initially. 
With sulfur there are formed not only mercaptans or thiophenols, in 
good yields, but also sulfides and polysulfides. Selenium and tellurium 
behave, in general, like sulfur. 

Reaction with Inorganic Esters. With the exception of alkyl esters 
of sulfonic acids, esters of oxygen acids react essentially by replacing 
an —OR group of the ester by the R group of the Grignard reagent. 

B(OR)j + R'MgX — R'B(OR):, R'.B(OR), R'aB + ROMgX 

The reaction between alkyl halides and the Grignard reagent has 
been studied widely. The following replacement or coupling reaction 

RX + R'MgX — R—R' + MgXi 

is confined largely to those alkyl halides having a highly reactive halogen. 
With allyl halide types the reaction is useful for the preparation of some 
unsaturated compounds. 

RMgX + BrCHjCH—CHj — RCH : CH=CH, 

RMgX + BrCH,CBr=CH s — RCHjCBr=CH, 

In the preparation of allylmagnesium bromide it is obviously necessary 
to avoid a local excess of allyl bromide, for otherwise the initially 
formed allylmagnesium bromide would react to give diallyl. 

CHj—CHCIIsMgBr + BrCH-CII=CH- -* CH»—CHCHiCHjCH—CHj 

The slow nddition of a dilute solution of allyl bromide to a large excess 
of fine magnesium makes it possible to prepare allylmagnesium bromide 
ii. 95 per cent yields. The fact that such special precautions to avoid an 
excess of RX compound are generally unnecessary in the preparation 
of RMgX compounds indicates that the coupling reaction is highly 
subordinated under moderate conditions. With organometallic com¬ 
pounds more reactive than Grignard reagents the coupling reaction may 
become the chief reaction, and this accounts for the Wurtz-Fittig reaction 
when RX compounds arc treated with sodium or potassium. In such 
cases, as will be mentioned later in the organoalkali section, the ex¬ 
tremely reactive organoalkali compounds couple readily with RX 
compounds having only a moderately reactive halogen. 

The coupling reaction is not a simple union of the R of the alkyl 
halide with the R' of the Grignard reagent. Actually, three coupling 
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products are formed (R-R'. R-R. and R'-R'), for example, in the 
reaction between benzyl halides and methylmagnesium iodide.- 4 

CeH 6 CH-X + CHjMgl — CcHiCH-CHj + MglX 
2C6H 6 CH-X + 2CHjMgI — CHjCHj + CcHiCH-CH-CtHs + 2MgIX 

The isolation of three coupling products suggests that free radicals, 
benzyl and methyl, arc formed initially and then couple m the three 
possible combinations. However, the concept of free radicals to account 
for coupling to R—R' compound appeals unnecessary. What ma> 
happen is the formation of a coordination compound which is the first 
stage of all Grignard reactions(p. 556). 

R 0(C;Hi)j 

/\ 

R'-X X 

Then the mobile electron shell surrounding the magnesium would pro¬ 
vide for a sufficient approach of the R and IV ions to -^ unneces¬ 
sary the postulate of intermediate free rad.ca sor free ions - (p. 1863 ■ 
The reaction between alkyl sulfonates and the Grignard reagei is 
unusual in several respects. The overall reaction between d.methjl 
sulfate and aryl Grignard reagents 

2(CHj)iSOi + RMgX - RCIlj + C1I.X + (CII,060 s 0) 5 Mg 

provides no mechanism for the several products.- The methyl Imlide 
must derive in considerable ,.art from the following reaction, which is 
known to occur quite smoothly. 

2<CH,)»SO, + MgXj - 2 CII 1 X + (ClliOSOjO)sMg 

When one mole of dimethyl sulfate (and not the two moles required for 
complete reaction) is heated with one mole of an RMgX solu 10.1, some 
of the Grignard reagent is, of cou.se, recovered. Tins recovered Grignard 
reagent was shown by analysis to contain much more basic magnesium 
than halogen, which establishes the removal of part of the magnesium 

“Spilth. Monauh; 34. 1005 (1913): Fuaon. J. -4».. Ckem. See.. 48. 20S1 (1920); 

3029 (1033). «„«] Gcrhurt. ibid.. 57. 107 (1935): l\os- 

**(a) Copo. iW.. 56. l.»78 (1-*•>*). ’ . .. . «« •>•>•>•»■ 

lander and Marvel, ibid.. 60. 1491 (I92S.; Gilman and Itcrk. . 60. 2223 (19.8). 
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halide from the equilibrium: 2RMgX R*Mg + MgX 2 . Further¬ 
more, the formation of an appreciable quantity of CH 3 0S0 2 0MgR 
(a modified Grignard reagent) shows that reaction with RMgX pro¬ 
ceeds by cleavage as RMg-X, and not as R-MgX as is generally true 
in Grignard reactions. 

(CHs)aS04 + RMgX CH^X + CH 3 0S0 2 0MgR 


This finds additional support in the preparation of the organomagnesium 
methyl sulfate by interaction of dimethyl sulfate with R 2 Mg com¬ 


pounds. 


(CH 3 ) 2 SO« + R 2 Mg — RCH 3 + CH 3 0S0 2 0MgR 


Accordingly, there is direct experimental evidence for reaction of 
dimethyl sulfate with magnesium halide and R 3 Mg compound, and 
indirect analytical evidence for reaction with RMgX. 28a In short, 
each component of the Grignard equilibrium reacts with dimethyl sul¬ 
fate. The reaction rates vary, however, and the methyl halide is 
produced largely from the rapid reaction with magnesium halide. 
Finally, it is interesting to note that the RMgX compound reacts 
differently from the R 2 Mg compound. 

Reaction with Metals and Inorganic Salts. Grignard reagents react 
with those metals which generally form more reactive organometallic 
compounds. 

RMgX + I.i -> RLi RMgX + Na — RNa 

However, the RMgX compounds give other organometallic com¬ 
pounds with those inorganic salts, generally the halides, which form less 
reactive organometallic compounds. 

RMgX + ZnClj — RZnX RMgX + BcCl* -* R*Bc 

The organometallic product i< not always isolated, for sometimes it is 
quite unstable thermally and gives rise to coupling products in a trans¬ 
formation which is of value in synthesis. 

2RMgX + Cu-Ch — 2RCu -> R—R + 2Cu 

Halides of non-metals and of metalloids also generally undergo 
replacement of halogen by R of the RMgX compound. 

RMgX + Pa, -> RPX,, R,PX, R,P 
RMgX + Asa, -* RAsX*. RjAsX, RjAs 

An excess of Grignard reagent gives the simple compounds (R 3 P and 
R 3 As). 
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Secondary Reactions. Secondary reactions take place, in widely 
varying degrees, like most organic transformations. 1 he kind and extent 
of the secondary reactions are influenced by the reactant, the par¬ 
ticular Grignard reagent used, and the experimental conditions. In 
many cases it is possible to affect significantly the rate of various con¬ 
current or consecutive reactions so that one or another of several 
reaction courees Is made to predominate or to be exclusive. The effect 
of various factors in the most widely studied reaction of carbonyl com¬ 
pounds with Grignard reagents is strikingly illustrated on p. 646. 
Also, the effect of the kind of RMgX compound on 1,2- and 1,4-addition 

to conjugated systems is given on p. G73. . , 

Varying reaction rates arc particularly evident with different types 
of RM compounds. This is to he expected, for the differences in reac¬ 
tivity of RM compounds having different metals exceed the differences 
in reactivity of a series of RMgX compounds having different R and 
X groups. For example, benzalacctophenonc can undergo 1,2- or 1,4- 
addition. 


C.H.CH-CHCC.H.+C.H.M — > C.!I.CII-CHC(C.H.)i 

OH 


& 

C< 

A 


CtH.CH—CHCC.Hj+C«HiM' - (C.H.hCHCH-CC.H, - (C\H,),CHCH,CC.H. 


OM- 


Tabln I illustrates the effect of various C.H.M compounds on the 
extent of 1,2- and 1 ^-additions.- 9 - 


TABLE I 


RM 

(CtsIUhBc 

(CdUnAl 

CcH^Mnl 

CftHjMgBr 

CcH&Li 

CffHsNa 

CeHiCnl 

CclUK 


hlil ili on 

*/, !Addition 
90 

01 

04 


77 


94 

r.o 

13 

30 

3 5 

45 

.... 

52 

.... 


Azobenzcne reacts in three general ways with C 6 H 5 M compounds: 
reduction to aniline; less extensive reduction to hydrazobenzene (reac¬ 
tion 1); and addition to give triphenylhydrazine (reaction 2). 

» (a) Gilman and Kirby, ibid.. 63. 2048 (1941). (t) Gilman and Bailie. J. Or C . Ckcm. 
2. 84 (1937). 
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C 6 HsN=NC 6 H 5 + 2C*HtM H< ^ -> C«Hs—N—N—CeH 6 + CsHbCcHs (1) 

H H 

CbHbN—NC«H 6 + CeHiM H °^ -» C^H*—N-N—€ ft H 6 (2) 

Table II lists the chief products obtained from azobenzene and some 
C 6 H 5 M compounds. 

TABLE II 


RM 

Product 

(C 6 H 5 ) 2 Zn 

Aniline 

CeHsMnI 

Aniline 

(CftHs)jBe 

Hydrazobenzene 

C«HfcMgBr 

Hydrazobenzene 

c 6 h 

Hydrazobenzene 

C*HsNa 

Hydrazobenzene 

CfiHsCal 

Tri phenyl hydrazine 

CeHsK 

Triphenylhydrazine 


Mention has been made of the participation of all three components 
of a Grignard mixture (RMgX, R 2 Mg, and MgX 2 ) in the reaction \yith 
alkyl sulfonates. Another illustration of a side reaction of magnesium 
halide is the ring contraction observed with some alicyclic oxides. 

Ethylene oxide is a useful reagent for introducing the ^-hydroxy- 
ethyl group. 

CHjv CHjOMgBr 

I* }0 + C«H»MgBr | — CeHjCHjCHaOH 

Ch/ CH*C«H l 


However, anomalous reactions take place in the reaction with some 
alicyclic oxides. Thus, the alcohol obtained from cyclohcxene oxide 
and methylmagncsium iodide was supposed to be cis-2-methylcyclo- 
hcxanol 



+ CHsMgl 


CH 2 

/\ 

h 2 c choh 
I I 

h 2 c chch, 

\/ 

ch 2 


until it was shown to lx; unlike the two isomeric 2-cyclohexanols sub¬ 
sequently prepared by the reduction of o-cresol. The anomalous 
Grignard reaction found an explanation in the observations that RMgX 
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compounds react with oxides and chlorohydrms of the cycloparaffin 
series to give ring contractionThe supposed m-2-mctl.yleyclo- 
hexanol was in reality methylcyclopentylcarbmol, wh.ch results from 
the following sequential reactions: 



0 + MgXs 


CH, 

H-C^CHX 

H-C CHOMgX 

\/ 

CH, 


non 


C1I. 

/\ 

H.C CHX 


H.C CHOH 

Yh, 



Heat 


JIjC CH-C1IO 

'cH, 




H-C-CII, 

1 I « 

1 l-C CII—C OH 

\/ I 

CH* CHj 


On Ich a basis one might expect «hc halogen^ «^magn = 

abscncc of ma f™ 

BW d wwn2e nC ^^o2wMC < *«We^ttid 1 ^JciiiqrhnaBiiwi>m»*chlOTidte : ^v , o 

2-benzylcydohcxariol. I0 '‘ This somewhat unexpected result cannot 

, „ .... till . 186. 375. 955 (1928); Vavon ..mi Mitcho- 

*° (a) Godchot and Cauqu.l. < ( ... m„ . TilTcncnu. Bull. «*. chin,.. 

viUh. ibid.. 186, 702 (1928). (6) IJcdu,. l 1 - w 56 . J6S3 {imi . Norton and 
3. 1042 (1030). (c) Bartlett and Ik-rry. .- 60 (|930) <,/> Cook. Ucwctt. 

How. ibid.. 68. 2147 (1936) ; Cottle and I on . * |ioI|S of oxidc8 alM i HM roinpounda. 

and Lawrence, J. Chem. Svc.. 71 (1936). oT ” s<|f 0O iGOO (1938). and Huston und 
aco Wooeter. Scgool. and Allan. J # 4# „. them. Svc., 68. 332 (1930). 

n ^.: ~ "• 1692 

(1041). 
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be attributed to the position of equilibrium with this Grignard reagent 
inasmuch as solutions of phenylmagnesium bromide, benzylmagnesium 
chloride, and /S-phenylethylmagnesium bromide have about the same 
percentage of R«Mg compound (75-8 per cent, 73.4 per cent, and 76.0 
per cent, respectively) whereas only benzylmagnesium chloride gives 
the non-contracted cyclic product. A possible explanation is that 
dibenzylmagnesium is more reactive than benzylmagnesium chloride 
and magnesium chloride towards cyclohexene oxide, the Grignard 
equilibrium thus being disturbed by conversion of the less active 
C c H 5 CH 2 MgCl to (C 6 H 5 CH 2 ) 2 Mg. In support of this interpretation 
is the fact that phenyllithium and phenylcalcium iodide, which are 
more reactive generally than the corresponding phenylmagnesium 
halides, do not give ring contraction with cyclohexene oxide. 

Incidentally, these several experiments illustrate some risks involved 
in making sweeping generalizations on the basis of a single organo- 
metallic compound or a small number of organometallic compounds. 
First, although benzylmagnesium chloride gives no ring contraction 
with cyclohexcnc oxide, there is ring contraction with the related halo- 
hydrin (2-chlorocyclohexanol). In this latter respect, therefore, benzyl- 
magnesium chloride is like the other RMgX compounds examined. 
Second, chloral reacts with alkyl and aryl Grignard reagents, including 
benzylmagnesium chloride, to give secondary alcohols. 

CCljCHO + C,IhCH,MgCl — CCl,CH(OH)CH,C.H 6 

However, other related phenyl-substituted alkylmagnesium halides 
like (S-phenylcthylmagnesium bromide, y-phenylpropylmagnesium bro¬ 
mide, and i-phenylbutylmagncsium bromide reduce chloral to tri- 
chlorocthanol.’ 0 * Third, even some Grignard reagents having the 
same U group, but unlike halogens, react at signi6cantly different rates 

with some compounds. 807 

Reaction Mechanisms. Grignard reagents are polar compounds, 
and it is to be expected that the more satisfactory interpretations of their 
reaction mechanisms will be found to involve electronic concepts. 
Significant advances in this direction have been made with the chelation 

principles discussed elsewhere (p. 1879). 

Gross interpretations of reaction mechanisms are of particular 
interest with polvfunctional compounds. The reaction between diphenyl- 
ketene and phenylmagnesium bromide yields triphenyl vinyl alcohol. 
The formation of this compound, however, throws no light on the 
mechanism of reaction, for the addition of phenylmagnesium bromide 
either to the carbonyl linkage or to the olefinic linkage would account 
for the product. 
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(C*Ht)iC=C=0 4-C.HiMgBr - (C.H.),C=C-OMgBr boh^ <C.H.),C=C-OH 

C*H» RearrH C e H» 

(C»Hi)iC=C=0+CiH»MgBr - (C.H.):C-C=0 hoh^ (C.H.),C-C=0 

II C»H» 


BrMg 


i.u. 


In a sense this was an impossible reaction when it "*s fimt 
inasmuch as all reactions of ketcnes were then explained on the base, of 
initial addition to the cthylenic linkage,- and Gr.gnard reagents do not 

add to an ethylenic linkage. . .. 

One way of establishing the mode of addition is to prove the struc¬ 
ture of the intermediately formed magnesium compound P™r to 
hvdrolvsis and the attendant possibility of rearrangement. Tlus 
* done *“ by treating the mixture with benzoyl ehlonde in order to tag 

:“.ML=...« —MgBrroup- IdS.“ 

carbonyl group, the benzoate of triplienylvinyl alcohol should form. 
(C.H.)aC—C—OMgBr + C.IUCOC 1 _ (C.HOaC-C-0-CCoH. 

U - u 0 

If, however, addition occurs at the ethylenic linkage, the product should 

be diphenyldibenzoylmcthanc. (C*H»)-C_C=0 

(CeHt)sC—C — O + C4H1COCI ^ c» 0 i eHk 

BrMg C«H» C t H k 

oxygen (or another element) « one I , ^ in |hcir olcRallt 

and with particular wilh conjugated and other 

work on the reaction of Gngn. d . v pnoughi Koh |cr in studies 

unsaturated systems (p. G.3. 1 ' ^ > has shown that the strue- 

°n the enolizing action of Gr.gnard jx-ag ^ ^ cannot bc un . 

ture of some of the intermediate - u- — OMrX 

ambiguously labeled in the manner so oi • product which 

linkage may react wilh a labeling reagent to g o ™ 

appears to show that the intermediate linkage CMgX. 

„ _ _ _ (6) Gil.nu.. and Hcclwrt. J. Am. Chen,. Soc.. 

n t°) SUudingor. Ann.. 366. -- * {b ;j 67t ..517 (1936). Fiwon. Fugnlv 

42. 1010 (1020). (c) Kohler. 1 isl.lcr a,,d I ■ 63> n02 ( 194 I). 

and Fiihor, ibid.. 61. 2302 (1939,. «/» Oilman and Jonc-s 
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—OMgX compounds will add to benzaldehyde, for example, exactly as 
simple Grignard reagents which have the —CMgX linkage. 310 The 
situation is much like that of sodium acetoacetic ester which has an 
—ONa linkage and yet undergoes alkylation to yield C-alkylated 
derivatives. In short, it is sometimes impossible to establish, by 
labeling-ieplacement reactions, the element to which the MgX group 
is attached. Actually, the intermediate magnesium compounds are, 
like the Grignard reagent, ionized. The magnesium or —MgX group 
need not be attached to either oxygen or carbon, and the nature of the 
organic ion determines whether one gets essentially an OMgX or a 
—CMgX replacement product. 

There is a possibility that the —OM and —CM forms may bc # co- 
cxistent. For example, the metallic derivatives of acetomesitylene may 
be the following.* 1 * 

2,4,6-(CH,)3C6H,C=CH 2 2,4,6-(CHj)jC*HiCCHiM 


It is now known that under some conditions a reactive C—M group may 
be present in a molecule containing also an otherwise reactive functional 
group (p. 538). 

Rearrangement Reactions. It is not uncommon for Grignard 
reagents and Grignard reactions to show rearrangements. A simple 
illustration is the racemization that takes place when a Grignard 
reagent is formed from an optically active halide. 320 So-called abnormal 
products are most frequently encountered in reactions of Grignard 
reagents derived from allylic systems like those in benzylmagnesium 
halides and crotylmagnesium halides (CH 3 CH=CHCH 2 MgX). “Ab¬ 
normal products” are not always formed, and the kind and extent of 
rearrangement vary markedly with the nature of the reactant. Some 
typical rearrangement reactions and their mechanisms arc considered 
elsewhere (pp. 1009-1012, and 1879). The allylic rearrangement 
reactions are not peculiar to Grignard reagents but are shown by a great 
variety of organometallic types. 326 They have been most closely 
examined in Grignard reactions, however. 


» (a) Schwarts and Johnson. J. Am. Chan. Soe., 63. 1066 (1931) ; Pickard and Kenyon. 
J. Chcm. Soc., 99. 65 (1911); Porter. J. Am. Chcm. Soc.. 67. 1436 (1935); Marker. Oakwood. 
and Crooks, ibid.. 68. 481 (1936); Bcrgmann and Bondi, ibid.. 68. 1814 (1936); Wallis and 
Adams, ibid.. 65. 383S (1933). For a related study of the action of lithium on an optically 
active chloride, see Tarbell and Weiss, ibid.. 61. 1203 (1939). (5) Gilinan and Nelson. 
ibid., 61. 741 (1939). (c) For some orienting references see Gilman and Harris, ibid., 63. 
3541 (1931); Gilman and Kirby, ibid., 64. 345 (1932); Austin and Johnson, ibid., 64. 647 
(1932); Jacobs. Cramer, and Weiss, ibid.. 62. 1849 (1940); Campbell. Anderson, and 
Gilmore. J. Chcm. Soc.. 819 (1940). (d) Young and co-workers. J. Am. Chcm. Soc., 68, 
289, 441 (1936); 60. 900 (193S). 
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The so-called allylic rearrangements may not be true rearrangements. 
It was suggested some time ago that the anomalous motions may 
actually be due in some cases to the coexistence of two structurally 
isomeric RM compounds”' Recent studies have lent experimental 

support to this interpretation. 1 - 11 _ 

Constitution. Grignard reagents arc almost always prepared in an 
ether, and only rarely in a tertiary amine The reagent forms a co¬ 
ordination compound with such solvents. Inasmuch as coori 
solvent or any solvent is not necessary for the preparat on of Gngna, 1 
reagents it is permissible to confine attention to the solvent-fm> com- 
n,pv JoUbois “• first suggested that the Grignard reagents shou d be 
tSj£tZ -M J5 and not as RMgX. Then evidence « was 

presented for the following equilibrium 

2RMgX ^ R*Mg + MgX* 

which has also found support in a series of 

precipitates RMgX anti magnesium hal.de from e hor soh.tmns teat ng 

the R P 2 Mg compound, a procedure wine £/£ 

preparation of R 2 MS compounds. • . ,h v lmairnesium chloride 

distilled, under reduced pressure, from •ncthy^um 

behaves exactly like the corresponding Gngn-ua g ‘ 

RX and magnesium. No reagent is known " 1 w h ^kvl s 1 

EM E X „ R, Ms .nu r »'Uh " i 

fonates, there arc no difference, ... Mnd ofmj« spilc of 

simple organomagnesium compound*. ‘ f RMir\ In 

good evidence for R,Mg there i- no 

this connection, one of the equilibria pro|KXsed fo, Grignard icagent, 

RjMg-MgXs R s Mg + MgX, 

where the dot represents Jo^mpha- 

[X] » and [Mg] ++ . rVi.niard solution varies both with the 

The percentage of Il 2 Mg 11 ° ,,gnura ‘ olUU ° 

R group and the halogen. m *' 

» , na (1912). (6) Sehlenk nud Sehlenk. Bcr., 62. 9-0 

11 (a) Jolibois. Com/./. rent/.. 165. •>*>■' \ _ 51 3 |. i9 ( i9_>9>. (c) Gilman nnd 

(1929); Gilman nnd Fothergill. J • Am. - * rh( „, 6 3. 035 (1931). 

Brown. R<c. ,rav. c him. 48. 1133 (1029). j . Am. CArm. Soe.. 64. 2503 

(e) Sehlenk. Jr.. Bcr.. 64. 731 (l 931). • BarUcU and Berry. H'id., 66. 26S3 

0932); Johnson and Adkins. ibid.. ® ‘ . N t olJcr nlM I Haney. 62. 1749 

(1934); Cope, ibid., 66. 157ft (1934). • " ii041> (/) Gonibcrg nnd Bachmnnn. 

(1940); Coleman and Blomquiat. «W- 63 - n,S ' " 

*Hd., 49. 230. 25S4 (1927). 
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Not only is there an equilibrium of the kind mentioned, but there 
may be the following equilibrium with triarylmethylmagnesium halides. 

(C,H,)jCMgX <=> (C*Hs) 3C + MgX 

The possibility of an MgX radical or ion suggests the Gomberg-Bach- 
mann magnesious halide equilibrium in those Grignard solutions con¬ 
taining free magnesium. 33 ' 

MgX, + Mg «=i 2MgX 

Altogether, therefore, a Grignard solution may be a complex equilibrium 
mixture, which, for ordinary purposes, can be simply designated as 
RMgX. 

Relative Reactivities. There are pronounced differences in the 
rates of reaction of Grignard reagents with a selected reactant, just as 
there are marked differences in the rates of reaction of a Grignard 
reagent with a series of reactants having unlike functional groups. The 
relative reactivities of some Grignard reagents have been determined 
in various ways. One procedure is to add a definite excess of reactant 
to the Grignard reagent and measure the time required to use up the 
RMgX compound, as evidenced by a negative color test with Michler's 
ketone. 340,6 The reactivities of some alkylmagnesium halides have been 
measured by the rate of evolution of gas when treated with an active 
hydrogen compound like indene.* 4 * The rates of reaction with an ester 
have been established by interrupting the reaction and determining the 
quantity of unused ester. 34 * Another procedure is to permit two dif¬ 
ferent Grignard reagents to compete for an insufficient quantity of 
benzophenone.* 4 * 

Where comparisons can be made, the several scries do not give 
wholly concordant results. The series established by the reaction with 
benzonitrile 

RMgX + CJUCN -* RCCcHfc 

II 

O 

14 (a) Gilman, Hock, and St. John. H,c. Ira r. chin,.. 49. 212 (1930). (6) Gilman, St. John. 
St. John, and I.ichtonwultor. ibid., 55. 577. 6SS (1930). (c) Ivanov. Compt. rend., 196, 491 
(1933); Hull, .sor. chin,., 51. G19 (1932). (d) Vavon. Barbier, and Thitbaut, ibid., 1, 800 
(1934). (c) Kharaach and NVcinhouse. J. Org. (’hem., 1. 209 (1930). (/) Kharasch, Rein- 
muth, and Mayo. J. Chcm. Education. 13. 7 (1930); Kharasch, Pines, and Levine. J. Org. 
Chan., 3, 347 (193S); Whitmore and Bernstein. J. Am. Chan. Soc., 60. 2020 (1938). (g) 
Gilman, Towne. and Jones. J. Am. Chcm. Soc., 65. 40S9 (1933). (A) Kipping. J. Chan. 
Soc.. 2305 (1928); Bullard. J. Am. Chan. Soc.. 51. 3005 (1929); 63. 3150 (1931). («) 
Simons, ibid.. 67. 1299 (1935). (j) Wooster and Mitchell, ibid., 52. OSS (1930). This hurt 
article directs attention to some apparent weaknesses of the acid-cleavage series. (A;) Gil¬ 
man and Towne. ibid., 61. 739 (1939). (/) Gilman and Moore, ibid., 62. 3200 (1940); Gil 
nmn, Moore, and Jones, ibid.. 63. 2482 (1941). 
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is the most comprehensive so far examined. A part of the series follows, 
the numbers being average times in hours required for the complete 
reaction of RMgX with a definite excess of benzonitnle. 

2,4,<HCH 3 ),C*H 2 MgBr 0 01 

p-CHaC«H 4 MgBr 0 10 

CeHfcMgBr 0 31 

CjHsMgBr 0 85 

n-C 4 H 9 MgCI 7 35 

CeHiC&CMgBr 


n-C 4 H,MgBr 4 57 
n-C 4 H»MgI 7 50 
«r.-C 4 H$MgBr 11 65 
lrrf.-C«H«MgBr 25 5 
C 6 HiCH>MgCl 160 

77 0 


The same order applies, of rou.se, in competitive reactions. For example, 
when mesitylmagnesium bromide and phenylmagnesmm bromide are 
allowed to compete for an insufficient quantity of benzon.tr. e the 
products arc 92 per cent of benzoylmesitylene and 4 per cent of benzo- 
phenone; and in a competitive reaction using n-buty magnesium bromide 
and phenylethynylmagnesium bromide the only ketone isolate d «a» 
n-valcrophenono, / 1 -C 4 H 9 COCgHj . 14 . .... 

An inspection of the series reveals that the arylmagncs.um hal des 
are set apart from the alkylmagnesium halides, and tins suggests a 
possible correlation between the relative reactivities of Gr.jn.ard r, - 
gents and the ease of cleavage by acids of other organometall.c com¬ 
pounds. When unsymmctriral organometall.c compounds o mer¬ 
cury,**' lead,*** tin,**' and germanium >*• are cleaved by halogen- and 
halogen acids there is a preferential replacement of some of the radicals. 

C.HJIgC.lU + HCI — CrHiHgCI + Cell. 

(n-C.H.bPbfC.H,), + 2IICI - (■-CilW.PbCl* + 2C.H. 

On the basis of the above two reactions it will Ik- observed that the 
decreasing order of ease of cleavage of the three radicals is. C 0 H S , 
C 2 H 5 , ,,-C.Ho. The series obtained by cleavage of unsymmetr.cn 
mercurials Is diseu,sed on p. 1071. and .here is a satisfactory agreement 
between this series and those obtained by cleavage of other orgnno- 

“rbrst l following typical reaction, the 2-fury, radical 
appears to be cleaved more rapidly than any other nuclear radical so 
far examined in the cleavage of ....symmetrical organon,etalkc com- 
pounds by hydrogen chloride. 144 

(p-CHaOCtHi)iPb(CtHiO-2)j + 2I1CI — (/'-C’H J OC,II.) ! PbCl 3 + 2C.H.0 

The general acid-cleavage series is particularly useful, for it enables 
one to predict with some accuracy which radicals will be preferentially 
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cleaved by halogen acids, and cleavage by acids is one of the few common 
reactions of all RM compounds. However, there are definite and ex¬ 
pected limitations in applying any one cleavage series to other series. 
The order or arrangement of radicals in a series depends not only on 
the nature of the radical, but also on the so-called cleavage agent, as 
well as on the central metallic element. 34 ' For example, the rates of 
cleavage of radicals in unsymmetrical organolead compounds by sodium 
in liquid ammonia are quite unlike the rates of cleavage of such com¬ 
pounds by hydrogen chloride in benzene or chloroform. 


Periodic Arrangement of Elements 


Group 

Family 

I 

(A) (B] 

II 

(A) IB] 

III 

(A) IB] 

IV 

(A] [B] 

V 

IA] IB] 

VI 

[A] |B] 

VII 
[A] IB] 

VIII 


Li 

Be 

B 

C 

N 

s 

■B 


Na 

Mg 

A1 

Si 

P 


Cl 



K 

Ca 

Sc 

Ti 


Cr 

Mn 

Fe Co Ni 


Cu 

Zn 

Ga 

Gc 

As 

Sc 

Br 



Rb 

Sr 


Zr 

Cb 

Mo 

Ma 

Ru Rh Pd 


Ag 

Cd 

In 

Sn 

Sb 

Tc 

I' 



Cs 

Ba 

ESS 

Hf 

Ta 

W 

Re 

Os Ir Pt 


Au 

_Hg 

T. 

Pb 

Bi 

Po 




87 

Ra 

Ac 

Th 

Pa 

U 

m 


RELATIVE REACTIVITIES OF ORGANOMETALLIC COMPOUNDS 

Inasmuch as organometallic compounds differ generally in degree or 
iate of reaction rather than in kind of reaction it is desirable to formulate 
at this place some broad generalizations concerning relative reac¬ 
tivities. 35 The expression “relative reactivities” is not intended to 
include two highly obvious properties of some RM compounds: namely, 
thermal instability and spontaneous inflammability. The highly un¬ 
stable organosilver and organogold (RAu) compounds are of a rela¬ 
tively low order of so-called typical chemical reactivity, and ethyl- 
potassium which starts to decompose at room temperature is extremely 
reactive. Trimethylboron and trimethylhismuth are spontaneously 
inflammable but not particularly reactive otherwise, whereas the 
methylalkali compounds like methylsodium are spontaneously inflam- 


u Gilman and Nelson, Rec. Irav. chim., 55, 518 (1936). 
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mable and also highly reactive generally. There appear, at this time, to 

be no correlations of thermal instability, spontaneous inflammability, 
and other chemical transformations. The illustrations just given are 
of RM compounds which are either highly reactive or of a relatively 
low order of reactivity. Organomangancse compounds are of moderate 
reactivity, but they are not only thermally unstable but also spon- 

taneously inflammable. t4 . , . 

A typical criterion of relative reactivity is addition to the carbon 1 
linkage This reaction is shown not only by the thermally unstable 
organocopper and organosilver compounds, but also by the spon¬ 
taneously inflammable organolieryllium and organoboron compounds 
as well as by the relatively unreactive organomercury and o ganolead 
compounds. The ten rules which follow are based generally on .dame 
reactivities established by addition reactions to functional groups like 

the F^t a i C nom°e.a.Uc compounds in the A-fami.ies of the first 
three groups of the periodic table increase ... rcMt.'Uy with mcreasmg 
atomic weight or atomic number, l’or examp » . ’ 

of increasing activity is: Li. Na. K, Rb, Cs On tins I*.^ when organ* 

metallic compounds will have been made o - < nu com DOunds 
expected that they will be the most reactive organomet a lie compounds. 
In Group II the order of increasing activity appeals to be. Be, Mg, 
Ca Sr Ba Ra Very little is known of organos.ro,.Hum, organobarmm, 

’ br » y , . .. a. family of Group III, the only 

and organoradium compound . In ^ thosc of boro „ and 

organometalhe compounds >o Ur con»i . R 

aluminum, and here the order of increasing -aclivilj is. B, A # 

ssrs; irzx 

the corresponding ■ 1 rcactivc lha n organo- 

organopotassium cpmunds = *£ 

only slightly more reactive tlmn mo „. reaclive than 

organomagnesium compounds a r, o organocalcium compounds are 
organoberyllium compound.", "'hh. * , That U in 

decidedly „„„ re.ciivc then t^.m.Slie 

Group I the difference between the hr>t n 

uirec groups generally u ordor of decreasing activity is: 

weight. For example, in Group i, im 
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Cu, Ag, Au; and in Group II: Zn, Cd, Hg. In Group III, however, the 
order of decreasing reactivity is: In, Ga, TI. 

Third, in the A-families of the first three groups, the organometallic 
compounds of one of the families of a selected group are more reactive 
than the corresponding organometallic compounds in the next higher 
group of that period. For example, the order of decreasing activity 
of the first members of the A-families of Groups I, II, and III is: Li, Be, 
B. In the next period, the order of decreasing activity is: Na, Mg, Al. 
Then we have the order: K, Ca, the organocompounds of Sc being as 
yet of unknown reactivity. Actually, the first element in an A-family 
of the first three groups gives an organometallic compound which is 
not only more reactive than that of the corresponding type in the next 
group, but also more reactive than the organometallic compounds 
derived from the second metal in the A-family of the next higher group. 
For example, organolithium compounds exceed organoberyllium and 
organomagncsium compounds in reactivity. Likewise, organoberyllium 
compounds are more reactive than organoboron and organoaluminum 
compounds. 

Fourth, the least reactive organometallic compound derived from 
a metal of the A-family of one of the first three groups is more reactive 
than the most reactive organometallic compound containing a metal 
of the B-family of the same group. For example, organolithium 
compounds are more reactive than the corresponding organocopper 
compounds; and organoberyllium compounds are more reactive than the 
corresponding organozinc compounds. 

Fifth, in the first three groups, an organometallic compound derived 
from a metal of the B-family is less reactive than the organometallic 
compound of a metal from the A-family of the next higher group. For 
example, organocopper compounds (B-family of Group I) are less 
reactive than organoberyllium compounds (A-family of Group II); and 
organozinc compounds (B-family of Group II) are less reactive than 
organoboron compounds (A-family of Group III). 

The organometallic compounds of Group IV may be considered 
transitional between those of the three groups which precede and those 
of the three groups which follow Group IV. Actually, generalizations 
on the relative reactivities of organometallic compounds of Groups V, 
VI, and VII are essentially inversed counterparts of the generalizations 
concerned with Groups I, II, and III. These somewhat symmetrical 
formulations, if Group IV is pictured to form a sort of plane of sym¬ 
metry, find an added emphasis in the A- and B-families of Group IV. 
The two families in Group IV appear to be less different than the two 
families in any other group. It must be admitted, however, that the 


ORGANOMETALLIC COMPOUNDS 


523 


generalizations on organometallic compounds of Groups V, VI, and \ II 
are less secure than those concerning Groups I, II, and III, for the 
simple reason that less is known of organometallic compounds in 

Groups V, VI, and VII. ,, 

Sixth, the organometallic compounds in the A-families of Groups I\ , 
V, VI, and VII decrease in reactivity with increase in atomic weight 
of the metal. For example, in Group VII organomanganese compounds 
arc distinctly more reactive than organorhemum compounds. I his 
generalization is almost pure hypothesis because practically nothing i- 
known of organometallic compounds of the A-fannlies of Groups I\ 

aild slventh, the organometallic (or organomctnlloidal, or in some cases, 
merely the organic) compounds in the B-famil.es of Groups I\, \\ , 
and VII increase in reactivity with increase in atomic weight of the 
element. For example, in Group IV the order of increasing acmntj is. 
Ge, Sn, Pb; and in Group V the order is: As, Sb. Bi. Nothing is known 
of organopolonium compounds in Group VI, but the order ofmoivasg 
reactivity of organic compounds of the other elements in this group 
as evidenced by general chemical lability of the R groups is. O S, Se, To 
In Group VII the order of increasing activity is: F, Cl, Br, 1. It 
be recalled that some ascribe metallic characteristics to . 

Eighth, in Groups V, VI, and VII, the organometallic compounds 
of the A-family elements of a group are less reactive than the c r 
spending organometallic compounds of the next higher g.oup <f < 
period. For example, the order of increasing^."* of the fii.-t mem- 

bers of the A-familic\s in Groups \ ^ I, ami «>• . * • ' . 

Ninth, the very meager information on organometal u compounds 
of the Fe to Pt series (Group VIII) may warrant the guess that these 

nine metals will form a series of organometallic compounds hc r^ctm- 
ties of which will be patterned somewhat after the formula »"► !» >,‘ 
for the nine metaLs which com,wise the B-f.un.l.cs of the first three 

’'""Tenth, an unsymmetrical organometallic compound of the type 
RMR' is more reactive than the symmetrical -n,pound RMR. 

M is the same metal. For example, (C#H*)*PI>( 2 5)2 ' 

than either (C,H s ) 4 Pb or (C 2 H s ),Pb- relative 

No reasonable formulation is possi) < a ' , 

reactivities of "mixed” organometallic compounds (BN \> • J •" 1 

RMR compounds. For example, UMgX ^m.Kmmls api ar to U 

generally more reactive than U,Mg compounds. Ho»«u.’ ^ 

p, lv , „ | w , In;:- reactive than K 3 AI loinpounob, 

ro, 
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Also, insufficient evidence is available to warrant generalizations on 
the relative reactivities of a series of organometallic compounds where 
the selected metal may have different valences: for example, R^Pb, R 3 Pb, 
R 4 Pb. By reactivity in such compounds is not meant the tendency 
to add elements or groups to give a higher-valenced organometallic 
compound but rather the tendency of any R group to become detached 
from the metal and combine with some other element or group, par¬ 
ticularly the carbonyl group. 

Inasmuch as the reactivities of organometallic compounds are 
influenced not only by the metal but also by the R group, it is to be 
expected that the ten generalizations owe whatever validity they may 
have to comparisons made with the same R group or R groups of equal 
effect. The rules may be inverted in some cases by a proper variation of 
R groups. For example, dimethylberyIlium is less reactive than 
dimethylmagnesium, but dimethylberyllium is more reactive than 
diphenylcthynylmagncsium [(CcHsC^C^Mg]. 

Broadly speaking, the relative reactivities of metallic hydrides and 
carbides agree with the formulations proposed for the relative reactivi¬ 
ties of organometallic compounds. 

GROUP L A-FAMILY 
[Li, Na, K, Rb, Cs] 

The simpler organoalkali compounds are best prepared by the 
action of an alkali metal on the R 2 Hg 3e or R 2 Zn compound. 37 

(CHj)jHg + 2Na «=* CH,Na + Na(Hg) 

The organolithium compounds are exceptions, for these are obtained 
satisfactorily by procedures like those used for the preparation of 
Grignard reagents. 38 Actually, the RLi and RMgX compounds 
admirably supplement each other; some RX compounds which form 
Grignard reagents with case do not form any significant quantity of 
organolithium compound, using the simplified technique for the 
preparation of RMgX compounds, whereas some halides which react 
very sluggishly with magnesium enter into prompt reaction with lithium 
to give excellent yields of RLi compounds. A case in point is the 

34 Schlcnk nnd co-workers, Ann.. 463. 1 (1928); 464. 1 (192S). 

37 Wanklyn. Ann.. 107. 125 (185S); 140. 211 (1SG6); Grosso. Ber., 59. 2646 (1926). 

“Ziegler and Colonius. .Inn., 479, 135 (1930); Gilman. Zocllner, and Selby, J. Am. 
Chem. Soc.. 64. 1957 (1932); 65. 1252 (1933;; Gilman. Langham, and Moore, ibid., 62. 
2327 (1910); Muller and Tope!. Bcr.. 72. 273 (1939). 
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preparation of p-dimethylaminophenyllithium in 95 per cent yield in 
ether solution by the following reaction. 

p-(CH 3 ) 2 NCeH 4 Br + 2Li — p-(CHj)*NCeH 4 Li + LiBr 

It is possible to differentiate between a Grignard reagent and the 
corresponding RLi compound, and also between an alkyll.th.um com¬ 
pound and an aryllithium compound, by react .ons designated as color 
test II •* This test is based on the following prompt halogen-metal 
interconversion reaction which is shown by alkyllithium compounds 
but not by aryllithium compounds or RMgX compounds. 

n-C.H,Li + p-(CH»)jNC«H,Br— p-(CH,) s NC.H,Li + ..-C.H.Br 

The p-dimethylaminophenyllithium that results reacts with benzo- 
phenone to give a carbinol which on acidification turns red 

The organoalkali compounds have been roughly divided into three 

classes:” (I) The very highly reactive, color ess simple alkjl M and 
aryl M types which are highly polar and insoluble ... organic solvents. 
(II) The colored RM types which have the metal attached to a carbon 
in direct union with aromatic rings or a system of multiple bonds. 
C,H 6 CH-Na (C.II.)»CLi [(CH,)»CC™C) > CK 

These, like the RM compounds of class I, arc electrolytic inductors 
in many organic solvents, particularly in d.ethylz.nc which itself is 
non-conducting. (Ill) Numerous organolithium compounds which au 
colorless, liquids or fusible solids, soluble ... organic solvents, poo, 

conductors, and generally only slightly polar . 

As a group, the organoalkali compounds are; the n, o>t reactive 
types, and the order of increasing reactivity is: RLi, RN.i, UI\., RR , 
and RCs. This order lias been established in several ways and par¬ 
ticularly by the reaction rates of the phenylethynyla kali compounds. 
C 6 H s OsCM, with an excess of bcnzointrile using the color test to 
determine when the RM compound was used up. Hcnzon.t,,h- was 
used because it contains a functional group which reacts slowly with 
organometallic compounds; and the phenylethynyl radical was seized 
because it gives a relatively unreactive organomealhcconipoundw, 
attached to any metal. An approximate idea of the relative reactiv.ties 
follows; the times are in hours, and phcnylcthynylmagncsmm bromide 
is included for comparative purposes. 

C*HsC=CK 4 4 
CellsCssCKb 3 9 
CtllifeCCs 2.9* 


CoHiC=CM|?Br 80 
CeHiCeCIi 
CaUC=CNa 0 8 


" Ziegler. Crfiasinunn. Kleiner, and Srhftfer. . 473. 1 0929). 
40 Oilman and Young. J. Or g. Chtm.. 1. 315 (1940). 
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In a broad sense, the organoalkali compounds show all the reactions 
of Grignard reagents. They differ, however, from RMgX and many 
other RM compounds in one important respect: they undergo addition 
to an olcfinic linkage. Such addition is not peculiar to organoalkali 
compounds inasmuch as the highly reactive organocalcium compounds 
will likewise undergo such addition, but at a slower rat*. It is most 
probable that the organic compounds of barium, strontium, and radium 
will be found to add to an olcfinic linkage, for, if one may draw con¬ 
clusions from present knowledge as well as from reasonable postulates, 
these together with the calcium compounds form a series that is more 
reactive than the RMgX type. 

The first observed addition to an olefinic group was that of phenyl- 
isopropylpotassium to 1 , 2 -diphenylethylene. 4 ' 

(CcH 6 )(CH,)*CK + CeHfcCH=CHC 6 H 6 — C« H»CHCHC«H 5 

(C.H 6 )(CH,) a C K 


In general, the most reactive organoalkali compounds of class I add 
readily; in class II those organoalkali compounds having more than 
one aromatic nucleus or unsaturated group attached to the carbon 
holding the metal add slowly or not at all or give rise to secondary 
reactions; and those in class III, like the alkyllithium compounds, add 
more slowly. Whether addition takes place or not depends, obviously, 
both on the RM compound and on the olefinic linkage. The unsaturated 
carbons of the olefinic linkage must, as a rule, be directly linked with 
an aromatic cycle or other unsaturated system, and the possibility of 
addition as well as of other reactions like substitution is influenced by 
both the number and kind of radicals. The following are some illustra¬ 


tions with phenylisopropylpotassium (RK). 


(CoH 6 ) 2 C=CH 2 


Addition to give (CeHs)-C—CH* 


K It 


(C*H*) 2 C= 01 ICcIU No reaction 
CcH s CH=*CIICIIi Addition to give C«H»CHCHCHs 


(C*1U) 2 C=CIIC1I., 


K U 

Substitution to give (C 6 IU) 2 C=CHCHjK 


Addition reactions of organoalkali compounds to an olefinic linkage 
are intimately associated with other transformations, particularly the 
addition of alkali metals to olefinic linkages, the pobmerization of 
unsatunited hydrocarbons by alkali metals and organoalkali com- 


41 Ziegler and Bi.hr. Ber.. 61. -»53 (1928). 
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pounds, and hydrogenation by means of alkali metals and their amal- 

eal Two types of addition of alkali metals take place. One is a simple 

1 , 2 -addition, 

(C,H») 1 C*C(C,H*) S + 2Na — (C.H») S C-C(C,H 6 ), 


I 

Na 


I 

Na 


and the other has been termed a dimerizing addition, 

(C«H 6 )jC=CHj + 2Na + H.C-=C(C,Hs), — (C.H,).CCH j CH 1 C(C,H 6 )i 

Na Na 

The dimerized addition products show the general reactions of Grig- 
nard reagents. However, the 1 , 2 -addition products show few RMgX 
reactions; instead, they tend to regenerate the olefimc lmkage. 




(C.H k ) 


N. 


-C(C.IU):— 


2CH,1 


-> N:i : 0,+ 

-> »N:»I+C:H.-f 


Caiucoa^ C4 , ljCO coc.iU+- 





Water and carbon dioxide are among the small number of reagents 
which do not regenerate the double bond but react as with RMgX 

COmP ° UndS ' - (CcHt)tC—C(C«Hj)» 

I I 

II H 

-> (C «H s) ;C—P (C «H h) t 

co, | , 

HO-C CO-H 

It is interesting to observe that the olefinic linkage in tetraphenyl- 
ethylenc, which is relatively unreactive to some add.t.on reagents 
(particularly bromine, which does not add), undergoes prompt addition 
of sodium. Furthermore, the addition of sodium may be peculiar to 
this alkali metal, for under corresponding conditions lithium does not 
add. This may not be surprising in view of the lesser general reactivity 
of lithium. However, it is surprising that under the same conditions 
potassium likewise does not add. The dipotassium compound does 
form if sodium-potassium alloy lie used, and this may be due to the 
initial addition of sodium followed by replacement by potassium in 
accordance with the general rule that the more reactive RM compound 



528 ORGANIC CHEMISTRY 

results from reaction of the less reactive organometallic compound 
with a metal that can form a more reactive organometallic compound. 

RMgX + Li -» RLi 

RLi + K -♦ RK 


The absence of smooth addition with rubidium and cesium may be due 
in part to the relatively tremendous atomic volumes of these metals. 
However, a dirubidium compound results when sodium-rubidium alloy 
is used. Again, there may be preliminary addition of sodium followed 
by replacement of the sodium by rubidium." Such a reaction would 
conform with the generalization that where steric factons are involved 
replacement reactions are less hindered than addition reactions. 

Olefins like styrene, 1-phenylbutadiene, butadiene, and isoprene are 
polymerized by sodium powder, the last two compounds giving sodium 
rubbers. The action of sodium on isoprene in liquid ammonia involves 
the preliminary 1,4-addition of sodium followed by hydrolysis to give 
2-methylbutenc-2. 42 


CH 2 =C(CH,)CH=CH, + 2Na 


CH 2 C(CH 3 )=CHCH2 

I I 

Na ' Na 


CH,C(CH,)=CHCH, + 2NaNH, 


Inasmuch ns alkali metals add to an oicfinic linkage to give an organo- 
atkali compound, and since organoalkali compounds add to olefins to 
give more complex organoalkali compounds, it is understandable how a 
small quantity of alkali metal or organoalkali compound might convert 
many olefin molecules to large molecules or polymers.* 1 " 

RCH=CH, + R'M — RCHCHjR' 

M 

RCH=CHj + RCHCHjR' -* RCHCHjCHRCH.R' 

I I 

M M 

RCH—CHj + RCHCHjCHRCH.R' -» RCHCHjCHRCHjCHRCHjR' 

I I 

M M 

The previously mentioned organoalkali compounds which do not add 
to an olefinic linkage do not effect polymerization. With conjugated 


42 Midelcy and Hcnnc, J. Am. Chcm. Soc., 61. 1293 (1929). . 

43 Sehlenk. Appcnrodt. Michael, and Thai. B. t.. 47. 473 (1914): Ziegler and Kleimr. 
Ann.. 473, 57 (19291; Bergmann and co-workers. Ann., 480. 49. 59 (1930); Bcr., 64, 1493 
(1931); Ziegler, Grimm, and Wilier. Ann., 642. 90 (1939). 
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systems like those present in butadiene and isoprene the polymeriza- 

tion probably involves 1 ,4-adchtion. 

The reduction of some olcfinic linkages by sodmm-amalgam and 
water probably involves the preliminary addition of sodium, followed 
by hydrolysis of the resulting organosodium compound. 


RCH—CH, + Na(Hg) — RCHCHj 

Na Ka 


noH 


RCH 2 CH 3 


It is interesting to note that those hydrocarbons which are reduced by 
sodium in liquid ammonia add alkali metals or organoalkah compounds 
and those which are not reduced do not undergo such add -on. More 
oarticularlv in the reduction of naphthalene by sodium in liquid 
ammonia to’give tetrahydronaphthalenc, there is not only the red color 
characteristic of the organoalkali compound but al>o the quarHitati\e 
evidence that or.lv four atoms of sodium react with each molecule o 
naphthalene, essentially irrespective of the quant.ty of excess metal 
present and the elapsed time of reaction. 

CioH» + 4Na — CioH.Nai 
C,oH,Na, + 4NH, — C,oH„ + 4NaNH, 

These observations are not consistent with the alternative reduction by 
nascent hydrogen derived from sodium and ammonia. 

Liquid ammonia is an excellent and convenient solvent for many 
reactions involving the alkali metals. There are, however, two notable 
differences between reactions in liquid ammonia and reactions in other 
media- (1) the highly concentrated solutions of alkali metals in liquid 
ammonia tend to give more extensive reactions; and (2) more side reac¬ 
tions occur in liquid ammonia due to participation * “ 

ammonolysis and the formation of amines when halides aic used. 

Some substituted ammonium compounds are analogous to organo¬ 
alkali compounds.*® For example, triphenylmethyltetramethylam- 

:: * =: i68 ' 1514 i69 ' 70 

rccon. .tud.c. on «ho add.Uon of J. Am. C*.m. Soc.. SI. 210.1 <1039.: 

U =2 rscriK? 

sc £<xsxr -•. onia - 



530 


ORGANIC CHEMISTRY 


monium, (C 6 H 5 ) 3 CN(CH 3 ) 4 , and benzyltetramethylammonium are 
colored, polar compounds which exhibit some typical reactions of the 
corresponding organoalkali compounds. 


(C 6 H 6 ) 3 CN(CH 3 ) 4 


hoh 
- > 


co, 


(C 6 H*) 3 CH + (CH,) 4 NOH 
(C 3 H 3 ) 3 CC0 2 H [or (C e H*),CCO*N(CH,)4] 


Attempts were made to prepare ammonium compounds having five 
closely related alkyl groups attached to nitrogen. 49 No pentaalkyl 
ammonium compound was obtained, and the tertiary amines isolated 
never contained an R group which was not initially present in the 
quaternary ammonium salt. 

R'Li + [R 4 N] 4 Br“ — [R 4 N] + R'“ + LiBr 

R*N + CnHjn+j + C,,H2n 


Conductivities of Organometallic Compounds. All organometallic 
compounds may be considered as salts derived from the weakly acidic 
RH compounds. 

2RII + 2M — 2RM + II* 


On such a basis, the organoalkali compounds should be and actually 
are the most polar RM types inasmuch as they are prepared, directly 
or indirectly, from the strongest bases. As strongly polar compounds, 
one would expect them not only to be good conductors but also to have 
the conductivities correlated with the strength of the bases from which 
they are derived. A particularly appropriate illustration is the study 
by Ilein and co-workers 10 on the molar conductivities of etbylalkali 
solvates of dicthylzinc. For comparative purposes the molar con¬ 
ductivities of 0.1 A r aqueous solutions of the corresponding metal hydrox¬ 
ides at 18 arc also given. 51 

Molar Conductivities ok Molar Conductivities or 

CslIsM Solvates or (C 2 11 3 )-Zn MOH 


Cjllal-i 

0 13 

LiOH 

74 5 

CsIUNa 

4.01 

NaOH 

195.3 

CsIIfcK 

6 49 

KOH 

213 

C 2 HsRb 

9 39 

RbOH 

213.3 


° Ftauor and Marvel, J. Am. Chrm. Soc.. 48. 2GS9 (192G). 

‘“Hein. EUklrocfnm.. 28. 469 (1922); Ilein. l'etzrhncr, Waglcr. and Scgitz, Z 
anorg. altfr'm. Chun., 141. 161 (1924»; Hein nml Segitz. ibid., 158. 153 (1926). 

M “International Critieal Tables." McGrnw-IIiU Hook Co.. New York (1929). Vol. VI 
P|). 240-253 
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The splendid correlation between conductivities and relative reac¬ 
tivities of the ethylalkali compounds would seem to promise a high 
usefulness for this method of comparing relative react.vit.es How¬ 
ever, there are t wo general reasons for a restricted appl.cab.ht> of this 
procedure. First, even though the organoalkal. compounds are the 
best conducto.-s and (with .he exception of RM compounds derived 
from the alkaline-earth metals) the only types that conduct adequately 
for the purposes in hand, they cannot generally be cxam.ned ... this 
way. Their thermal instability precludes measurements ... the fused 
state, and their insolubility together with lmd. reactivity marked > 
limit the number of appropriate solvents. Second, the‘ 
out by the ethvlalknli compounds .s not sustained generally because of 
disturbing anomalous results. For example, pl.enylsod.um in duncth> 1- 
zinc does not conduct at all, whereas phenyll.thiuin ^ 

less reactive chemically does conduct. Also, the order of conduct.vnt.es 
in a series having a selected metal but dilferent R groups does not a vvaj s 
follow either the order of chemical reactivities or the order established 
by conductometric methods for RM compounds l.av.ng correspond.ng 

R groups attached to a different metal. 

The use of dicthylzinc to prepare solvates of the ethylalkal. com¬ 
pounds for conductivity studies suggests that d.cthylz.nc is a non- 
LnrWtnr This is the- fact. The. same is true of the trialkylalununun. 
compounds, which, like dialkyUinc compounds, have found extensive 
application , a mod,ed medh^ 

2£U" is understandable why tke distinctly less 
reactive organocadmiu.n and organomercury compounds are non¬ 
conducting. It should 1»- emphasized that ... all tins the ^Ple and 
not the mixed organometallic compounds are considered. The mixed 
salts like RMkX and the corresponding Ikl^cs, UMOH, arc as a rule good 
“nd“«S to-h It j* Ptodabl, ..... ... significant 

ionization of the R-Metal linkage .s involved. 

The conduction of organometallic compounds follows Faradaj s 
law. The metal is deposited on the cathode; and the R group, which is 
actually involved as an anion in the transport of the current, is dis¬ 
charged at the anode to give the coupling (R-R) or d.sproport.onat.on 

PI ° Sol vents ^of" higli^dhdcct ric const ant are most suitable for sue), studies, 
and this applies to pyridine “ and parl.cularly to liquid ammonia. 

"ss: Cu,ul ° l co 

New York (1022); Krau» «nd John-on. J. Am. Chcm. Soc.. 8*. 354- (1933). 
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However, with salts like the Grignard reagents the usual solvent, ether, 
is quite satisfactory, and liquid ammonia is totally unsuitable because 
of its active hydrogens. Considerable work, particularly by Evans, 64 
is being done on conductivity studies of RMgX compounds, and atten¬ 
tion has already been directed to the bearing of such studies on the 
constitution of Grignard reagents. 

Conductivity studies suggest the possible use of the electromotive 
series of the metals as a means of correlating relative reactivities, the 
more electropositive metals forming the more polar and more reactive 
RM compounds. In a general way, there is a correlation, but some of 
the exceptions arc striking. If attention be confined to the alkali 
metals and calcium the following segment of the e.m.f. series results. 58 

Li 2.959 K 2.924 

Rb 2.925 Ca 2.76 

Na 2.714 

It is at once evident that lithium is entirely out of line in the sense that 
the above series might lead to the expectation that RLi compounds 
would be the most reactive of the organoalkali compounds, whereas 
actually they are the least reactive. Also the organocalcium compounds 
should be more reactive than the organosodium compounds, but they are 
often less reactive; and dicthylcalcium has been reported as completely 
non-conducting in dicthylzinc, whereas ethylsodium is a good conductor. 

Ionization Potentials of Metallic Atoms. It has been suggested 66 
that the ionization potentials of metallic atoms provide a better correla¬ 
tion with the relative reactivities of RM compounds than either con¬ 
ductivities or the electromotive series. The lower the ionization 
potential of the metal, in a given group or subgroup, the more reactive 
will be its simple* organometallic compounds. For example, the ioniza¬ 
tion potentials 57 of the alkali metals arc: Li = 5.36; Na = 5.12; 
K = 4.32; Rb = 4.16; Cs = 3.87. This is exactly the inverse relation¬ 
ship »f the relative reactivities of the corresponding RM compounds. 

.v.iothcr pertinent illustration is the relative reactivities of the 
triphcnyl derivatives of indium, gallium, and thallium. The ionization 
potentials of the metals in volts are: In = 5.76; Ga = 5.97; T1 = 6.07. 

M Evans, Pearson, and Braithwoito. J. Ami. Chem. Soc., 63, 2574 (1941); Konduirev, 
Her., 68. 459 (1925); French and Drane, J. Am. Chem. Soc.. 52, 4904 (1930); Duval, 
Compt. rend.. 202. 11S4 (193G). 

‘ J "International Critical Tables." McGraw-Hill Book Co.. New York (1929). Vol. VI. 
p. 322. 

»• Gilman and Jones, J. Am. Chem. Soc.. 62. 2353 (1940). 

* Where only R groups and no salt-forming or acid radicals are attached to the metal. 

M Latimer, "The Oxidation States of the Elements and Their Potentials in Aqueous 
Solutions." Prentice-Hall, New York. N. Y. (193S), p. 14. 
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Here, too, there is an inverse relationship with chenueal reactivities of 

the corresponding R 3 M compounds (p. 5oo). 

There are exceptional cases which do not permit exact correlations 
of chemical reactivities with ionization potentials All that can be 
said at this time is that the broad rules previously formulated on the 
basis of groups and families of the periodic table are most useful be¬ 
cause they have the fewest exceptions. 

Acidic Hydrogens and Metalation. Inorganic salts are common ! 
prepared by interaction of an acid with a metal, a base, or a salt. The 
same general reactions can be used for the preparation of RM com¬ 
pounds from the very weakly acidic hydrocarbons. 

2 RC—CH + 2Na — 2 RC—CNa + H, 

( C.H.),CH + KNH. - (C«Hi)iCK + NHs <i» liquid NH,) 

C.H, + Hg(OAc), — CcHJlgOAc + HOAc 

Inasmuch as RM compounds have properties of salts they react with a 
weak acid (RH) to form another salt and another acid. 

RII + C-lUXa — RXa + C = H ‘ 

These several reactions involving the replacement of an acidic hydrogen 
by metal to give a true organometallic compound illustrate trans- 

which Tltlx met’is'of ,, determi..ing ionization constants are not 
' V ovmneh us the metalation of an RII compound by an 

RM romnound is influenced both by the strength of the acid and the 
RM compound • reasonable to expect that the reaction 

SSTLlSr £££ 

relative polar characteristics or reactivities of the salts o. RM com- 

P ° U Btzene is metalated by ethyl-odium to give phenylsodium in a 
reaction first studied by Schorigin** 

CeHfcH + C,H»Na — CtfUNa + C 2 II ft 

This reaction illustrates the displacement of “-Itofthc 

relatively weaker acid (C 2 H 0 ) by the relatively stronger and (C 0 H 6 ) 

“Schorigm. Be r.. *1.2711 (10081:43. 1038 (1010). 
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In like manner, a lateral hydrogen in toluene is shown to be more acidic 
than a nuclear hydrogen in benzene. 

C 6 HsCH 3 + CiHcNa -♦ C 6 H s CH 2 Na + C 6 H 6 

From the following additional metathetical reactions 

(C«H 5 ) 2 CH 2 + C«H 5 CH 2 Na —» (C«H s ) 2 CHNa + C fl H 6 CH 3 
(CeH^jCH + (C,H*) 2 CHXa — (C.Hi),CNa + (C,H*) 2 CH 2 

it follows that the order of increasing acidities of the several RH com¬ 
pounds is: 

C*H., C«H 6 , C«H§CHj, (C 6 H fc ) 2 CH 2 , (C 6 H*) a CH 

It has been found possible to arrange a scries of extremely weak acids 
on a scale by using the general procedure just indicated, 59 and with 
some aromatic types it was found that phonyldimethylmethane, 
C 0 H 5 (CH 3 ) 2 CH, was much weaker than phenylscetylcne, C 6 H 5 C=CH 
(p. 1035). The method can also be used to compare the relative acidities 
of RNH 2 , ROH, and RSH compounds, all of which arc less acidic, of 
course, than carboxylic and sulfonic acids. 

In like manner, it is possible to compare the salts or RM compounds. 
For example, the Grignard reagent mctalatcs dibenzofuran with 
difficulty, but organocalcium and organoalkali compounds effect metala- 
tion readily. 



On such a basis, the organocalcium and organoalkali compounds are 
more saline or more polar than RMgX compounds. And because 
RLi compounds effect only monomctalation whereas RNa compounds 
effect dini' talation 



a means is available of corroborating, in this case, the greater polarity or 
reactivity of the RNa comixnind. Under like conditions, the RK com- 

»» Coimnt and WbeUuid. ./. Am. Chem. Sac.. 54. 1212 (1932); McEwen. ibid., 58. 1124 
(1936). 
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pounds give more dimetulation than the less reactive R Na compound*. 
The highly reactive organoalkali compounds can be arranged ,n a senes 
by extending the metalating reactions to uncommonly weak al.phat.c 
acids like Alkyl 3 CH. 

AlkyljCH + C-1UK — AlkyUCK + C-H, 

Theoretically it would not be surprising to find the most ^'‘ve ^lkali 
metal, Element 87, progressively metalat.ng methane to gno a carbide. 

C H 4 -2'-, CH.iM - C'HjMt - CHMj - CM, 

In short, hydrogen in any molecule is acidic in the sense that it will 
nrobablv be found to be replaceable by a metal. 

P The les-s reactive organo.net al.ic compounds cm. a sc. be arranged 
ine less rtaiii b example, RMgX compounds 

in a series if stronger anas ix ...if,,,. mid 

react with active hydrogens attached to oxygen. 'su 1 u • «> **"««.« 

, . t Under selected conditions, the K 3 AI 

triply bonded carbonUnd active hyd ,„ g ens jus, 
compounds react h R Zn compounds react with 

K£ 2 Le „ m , ^Sactive'hydrogcn compounds, but not 
KNH* and ttic ,u ' r - 1 comiKJunds; and RjCd compounds react 
appreciably with R*N» lH "’. * inw |„ lt n . a ct with the other 
neither with true acety'en^ no^ J • J,, not onlv a pro- 

types of active hydrogen comiround . ^ ^ #pUw hvdrogcn bu, also 

ccdure for differentiating mu i«u. •* . *»f t hoi r reaction* 

. 1 f „ ,i l(( o\i comiMHinds on the basis ol their reactions 

a method of arranging • decreasing activities of these 

with active hvdrogcn compound". . u »»• »; 

dat , . wnrrl active hydrogen eompouiuls ore: R Alkali, 

RM compounds toward acti\i n> k ^ decreasing strengths of 

RCaX, RMgX, 2 R * XH RC’eCH, RH. The series of 

RM compounds obtained >> f RM ,. onl p 0 unds with a func- 

not exactly that obtained h> rca of lu .,ivc hydrogen types 

bonal group hke carbonyl. AL lrK ., 1 ,yIbismu,h reacts with 

^r^rr:i',h F r„o™T'..^ 

m.—-»*; 

i nc even less j example, the rate of cleavage ot 

by the use of strongci ai >• lrichloroacl , lic ftC jd j s mU ch greater than 
rUPb compounds y me. > com pounds, which on other grounds are 

that of the corresponding R^b^i wn^Jo ^ ,^ ^ QO ^ , loave 

known to be less reactive, ni.«, * H . .. . , t . 

tetraphenyltin at a measurable rate for kinetic studies, but at a too 

rapid rate if tetraphenyllead lx* used. 
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In metalation reactions, the hydrogen or hydrogens replaced by 
metals may be the same or different, depending on the compound being 
mctalated and on the metalating agent. When dibenzofuran is mono- 
metalatcd the same 4-hydrogen is replaced, irrespective of the metal¬ 
ating agent: alkali metal, RM compound, Hg(OAc) 2 - However, a 
related type, N-ethylcarbazole, metalates in different positions depend¬ 
ing on the metalating agent. t0a 



An even more striking example is the metalation of dibenzothiophene, 
, which is monometalated in different positions by the 

otherwise closely related phenyllithium and phenylcalcium iodide. 
This indicates highly selective reactions of synthetic value, particularly 
when it is considered that metalations frequently involve the replace¬ 
ment of hydrogens unaffected by other nuclear substitution reactions 
like halogcnntion, nitration, sulfonation, and the Friedel-Crafts reaction. 

In general, metalation takes place predominantly in a position 
ortho to the hetero clement; and the order of decreasing influence of some 
hetcro elements is: O, S, N, P, As. 606 A simple illustration is the metala¬ 
tion of phenoxathiin. 





+ C4H10 


60 (a) Gilman and Kirby. J. Or*. €hrm., 1. 146 (1936) ; Millor and Bachman. J. Am 
('hern. Soc., 67, 2447 (1935); Gilman, Stuckwisch. nnd Kendall, ibid., 63, 175S(1941); 
(6) Gilman nnd Bcbb. ibid.. 61. 109 (1939); Gilman. Van Ess. Willis, and Stuckwisch, ibid., 
62. 2000 (1940). (c) Ziegler and Bfthr. Bcr.. 61. 253 (1928). (d) Gilman and Cook, J. 
Am. Chnn. Soc.. 62. 2S13 (1940). (r) Gilman and Bradley, ibid., 60, 2333 (1938). 
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Aromatic nuclei and RM compound, do not always react to give 
metalation reactions. Two other transformations might be mentioned. 
One is addition as in anthracene. R 




The other * 0e is dimerization as with phcnanthrenc. 

c*h,— rai, c «h i c«h« 


KCH-CH-CH-CHIC 


C«H«—C*ll4 
2 | | + 2RK - 

CH=CH 

It is also possible to meta.ate phenanthrene in the 9-,Jositior, bymeans 
of alkyllithium compounds"' With some partially lndrop naud 
polynuclear types like 1 , 4 -dihydronaphthalenc there is smooth dehydro¬ 
genation to naphthalene/ 0 ' 


H H 



+ It hi 


OO 


+ UH + LiH 


In connection with lateral and no. nuclear mediation of hydro¬ 
carbons by alkali amides in liquid ammonia, 

RH + MNIIs — RM + NHj 

it was noticed that organoalkali compounds form only with those 
hydrocarbons having a bcnzohydryl group, « 

(C«H»)jCHj - (C«H»)«CHM ; (C«HOjCH - (C.HO.CM 

(C,H l )2CHCH J — (C«H»)jCMClli ; (CJW^HCH(C.IU)» — 

(C.H t )*CMCM(C«H»)j 

xj .. r»Kcr»rvf»tl with compounds like C 6 HsCH(CH 3 ) 2 , 

CH CH CH CH. (C fi H 5 f 3 CCH 3 . The “bcnzohydryl rule 1 ’ growing 
CqH 6 CH 2 CH 2 CoHs, ( • MSC<1 %vUh success in interpreting some 

tactions FoTexample, when 1,1,2-tripheny.ethylene is treated with 
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sodium, the disodium compound initially formed undergoes partial 
ammonolysis to give a monosodium compound. This compound should 
have the sodium attached to the benzohydryl carbon, and this inter¬ 
pretation was shown to be correct by replacing the sodium by ethyl to 
give a hydrocarbon of established structure . 61 

(C,H 6 ),C=CHC,H 6 (C«H»)jC(Na)CH(N»)(CtHi) 

(C.H^jCfNaJCHjC.H, C, " > ' - > (C 6 H s ).C(C,H s )CHjC,H, 

Halogen-Metal Interconversion Reactions. Wa The following halo- 
gen-metal interconversion reaction occurs in a 97 per cent yield. 

or-CioILBr + n-CjILLi —► a-CioHyLi + n-CjH?Br 

There arc numerous variations of such reactions. In general, the most 
useful halides arc those containing bromine or iodine; and, although 
halogen-metal interconversions have been effected with a variety of 
RM compounds, organolithium compounds are most effective. 

The reaction is of particular value in the synthesis of some reactive 
RM compounds which either cannot be prepared at all or can be 
prepared only with difficulty and in highly unsatisfactory yields. For 
example, although no appreciable quantity of an RMgBr or RLi com¬ 
pound can be prepared directly from 3-bromo-2,4,5-triphenylfuran or 
2-bromo-3,4,(Mriphcnylpyridine, the respective RLi compounds are 
readily prepared in satisfactory yields by halogen-metal intcrconver¬ 
sions with n-butyllithium. 

Cell* 



Of greater significance is the formation of RLi compounds from com¬ 
pounds having otherwise reactive functional groups like —OH, NH 2 * 
—COOII, and =C=N—. The yields of acids formed in the following 
transformations average in excess of 70 per cent. 


61 Woodier and Mitchell. J. Am. Chem. Soe.. 52. 6SS (1930). 

«(*«) Gilman and Jacoby. J. Org. Chcm.. 3. 10S (193S); Wittig. Pockels. and Droge. 
Iter., 71. 1903 (193S): Gilman. Langham. and Jacoby. J. Am. Chcm. Soc., 61. 106 (1939); 
Gilman and Moore, ibid., 62. 1S43 (1940); Wittig and co-workers. Her.. 73. 1197 (1940); 
Gilman. Langham. and Moore. J. Am. Chcm. Sue.. 62. 2327 (1940); Gilman and Spat*. 
ibid., 62. 440 (1940); 63. 1553 (1941). (fc) Gilman and Jones. iVd., 63. 1439, 1441. 1443 
(1941). 
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o-BrC jH 4 OII 

p-BrC*H 4 NH 8 

p-ICtH 4 COOH 



(I) nC,H,U 
<2) CO, 

(3) H-O 
--► 


o-HOOCCeH^H 


> p-HOOCC 6 H 4 XH 2 
■> p-HOOCC«H 4 COOH 



00 H 
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The halogen-metal interconversion reaction not only provides a 
reasonable mechanism for some earlier stalled anomalous reactions 
between RM compounds and reactants having halogens or pseudo¬ 
halogens but also explains the function of traees of RL. compound as a 
catalyst in halogen-metal interconversions with unread,ve RM '-' P 1 '- 
For example, reaction 3 takes place only in the presence of catalytic- 
quantities of RLi compound. The function of the R L ‘ 00 "ipo.md 
follows from the established reversibility of reactions 1 and 2 , nhich 

add up to reaction 3. 

R 2 Hg 4- 2R'Li 5=2 RSHg 4- 2RLi (D 

2RT 4- 2RLi 5=? 2R I 4- 2R / Li (2) 

R.IIg + 2RT 5=2 R'*Hb + 2RI 

In general, a metal-metal interconversion reaction like 1 proceeds 
more rapidly than a halogen-metal interconvcrsion, and this in turn 
goes at a greater rate than a hydrogen-metal interconvers.on or metala- 

tU "Vhe Wurtz-Fittig Reaction (p. 385). The reaction between a halide 
and a metal is influenced both by the reactivity of the halogen in RX 
and by the reactivity of the metal. With metals that form -odora clyor 
slightly reactive RM compounds, the reaction tends to stop at the RM 
stage unless the RX compound is highly reactive. 

2RX + 2M — 2RMX or (R*M + MX*) 

With highly reactive metals, like the alkali metals, the reaction involves 
only one-half the quantity of metal used above and the chief product 
is an R-R compound. 2M _ R _„ + 2MX 


The latter reaction is known as the Wurtz-Fittig reae ion, and although 
it is commonly associated with alkali metals it will bo recalled that 
lithium does not react to give R-R compounds unless the RX compound 
be very reactive or drastic conditions be used. 
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A large amount of work has been done on the mechanism of the 
Wurtz-Fittig reaction, and the two most widely held interpretations 
involve the intermediate formation of free radicals, 

2RX + 2M 2R- + 2MX 
2R- -► R-R 

and the intermediate formation of organoalkali compounds. 

RX + 2M -» RM + MX 
RM + RX —* R-R + MX 

The formation of compounds like triphenylenc and o-diphenylben- 
zene in the reaction mixture obtained from chlorobenzene and sodium 
can be quite satisfactorily explained on the basis of intermediate phenyl 
radicals which can disproportionate to phenylene radicals. These unite 
to give triphenylenc, 

2CcH&- —► C«He + CeH4 < 

/CeH4 

3C 6 Il4 < CeH 4 < | 

X CeH 4 

or the phenylene and phenyl radicals can combine to give o-diphenyl- 
benzene. 63 

CelU— 4-C 6 H 4 -1- —C«Hfc —► CallfcCcI^CftH* 

Part of the case for the intermediate formation of RM compounds 
rests on the capture of such compounds during the Wurtz-Fittig reac¬ 
tion. For example, isovaleric acid is obtained by the action of carbon 
dioxide on a reaction mixture of sodium and isobutyl bromide. 64 

(CH 3 )tCHCH-Br + 2Xa — (CHi)*CHCH*Na + NaBr 
(CH,) 2 CHCH 2 Na + C0 2 — (CH 3 )-CHCH 2 C0 2 Na 


Actually, an RM compound has been Isolated in a reaction of 3-iodo- 
furan and sodium-potassium alloy. 650 



-Q ^& 


The isolation of small quantities of the RK compound was attributed 
in part to the uncommon inertness of a ^-substituted halogen in furan. 
is Bachmnnn niul Clarke, ibid., 49. 20S9 (1927). 

•• Schorigin, Bcr.. 41. 271 1 (190S); 43. 193S (1910); Ziegler and Schafer, Ann.. 479, 150 
(1930); HQckel. Krecmer. and Thiele. J. prakt. Chcm., 142. 207 (1935). 

ei (a) Gilman and Wright, J. Am. Chcm. Soc., 65. 2S93 (1933). (6) Bookmuhl and 
Ehrhnrt, Fr. pat.. 730,428 (CArm. Zcnlr.. II. 2193 (1933)1- (c) Morton and Heohen- 
bleikner, J. Am. Chcm. Soc., 68. 1097. 2590 (1930). (c/) Bachmnnn and Wi9eloglo, ibid., 
68, 1943 (1930). (c) Gilman, Poccvitz. and Baine, ibid., 62, 1514 (1940). See also 
Morton and Maseengale, ibid., 62, 120 (1940). 
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However, recent experiments have shown that 
pounds can be prepared directly from sod.um and a taricty of 
compounds. Phenylsodium is obtainable in an 89 per cent yield from 
", . , es6.r nmvl chloride gives ainvl>odium and 

chlorobenzene m enz , carbonation form caproic 

amylidene disodium (C 5 HioNa 2 ), nmen on 

and butylmalonic acids, respectively, in a combmed > te^d of 56 per 
cent- •“ and triphenylchloromethanc in ether and benzene reacts rapidly 

SOd Even phenylpotaasium appears to be formed transitorily in a ^actmn 

yield “' C.H.C1 + 2K - [C.H.K] + KC1 

[C.H.K] + C.H.CH, - C«H»CHjK + C.H. 

What appeals to be a '* ,ate £ [Jj^chloroToluenTand 

3H1SLT -S?•” >•« A—— 

’’"ffiSSSSStrt. r«ai™w RM «involve 

it lb pi o Da 1)10 ua reasonable that another somi- 

.".t e — reS 'Zksthe intermediate formation of free 
what unusuaJrcact.onpmcc shown that RX compounds 

radicals and RM[ con pound ( , )11S( ., 1(1( . IU . C „f the possible prior 

are earners of alkali niciais a , »» u v analocv with 

formation of complexes R-R 

metal ketyls. These haRM compound/- 
compound, or react with more nu t* 

C«H*Br + Na- C.m....Br....Na 

Cell*.... Br... • Na - C.IU-+ NaBr 


CelU-Br.. 


Na 


C.H*—C*H* + 2NaBr 


Cell*. . . Br . . ■ -N* 

Cell*_Br-N» + Na 


CelUNa + NaBr 


' r . .w.. 64. 1919 (1932). l or other recent studies 

Morton and see tho following: Whit.no,e. l>o„kin Bern- 

on mechanisms of 1 <941, ; Gilman and Moore, ibid.. 62. 1843 (1940); B um- 

1938)/ ^ ^ ~ ^ h,t " 

more and Zook. J. Am. Chan. .S oc.. 64. 1783 (1942). 
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If it be granted that RM formation is, to some extent, an inter¬ 
mediate stage in coupling reactions to give R-R compoimds, then it 
may be concluded that all metals have formed or will form RM com¬ 
pounds inasmuch as metals generally react with RX compounds to give 
R-R compounds. Sometimes the relatively drastic conditions neces¬ 
sary to effect such coupling are just those which involve pyrolysis of 
the thermally labile types. 

2RM -* R-R + 2M 

GROUP I. B-FAMILY 
[Cu, Ag, Au] 

The Grignard reagent has been used for the preparation of org&no- 
copper, 67,68 organosilver, 67,68,69 and organogold 70 compounds. 

CeHsMgl + Cul -♦ C«H 6 Cu + Mgl 2 
CflHsMgBr + AgBr —* CeH*Ag + MgBr* 

C«H*MgBr + AuCICO — C 6 H 6 Au + MgBrCl + CO 

A mixed compound of phenylsilver and silver nitrate has been obtained 
as follows: 71 

(C«II*) 3 PbC 2 H* [or (C 6 H & ) 3 SnC 2 H s ] + AgNOj — (CeHsAg) 2 -AgNOj 

This reaction illustrates the greater reactivity of unsymmetrical 
organometallic compounds, inasmuch as the symmetrical R 4 Pb and 
R.iSn compounds do not react with silver nitrate. 

The insoluble organocopper and organosilvei compounds react in a 
normal manner with the more reactive functional groups. For example, 
the phenyl derivatives with acid chlorides give ketones; with allyl 
bromide they give allylbenzcnc; and with phenyl isocyanate, benzanilidc. 

I he organocopper compounds are more reactive, both on the basis of 
yields of products and the wider variety of functional groups with which 
they enter into reaction. However, neither the copper nor the silver 
compounds react with benzonitrile. Because of the high instability of 
RAu compounds no study has been made of this type with organic 
compounds having functional groups. 

67 Reich. Compt. rend., 177. 322 (1923). 

48 Gilman and Stralcy, Rec. trav. chirn., 65. 821 (193G). 

69 Krause and Wendt. Brr., 56. 2064 (1923). 

,0 Kharasch and Isbell. J . Am. Ckem. Soc., 52. 2919 (1930); for recent investigations 
on the chemistry of organic compound* of gold see Gibson. Brit. Assoc. Advancement Sci. 
Re id., 35 (1938) |C. A., 33. 2S38 (1939)). 

11 Krause and Schmitz, Bcr.. 52. 2150 (1919). 
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The most characteristic reaction of the univalent 
gold compounds is the prompt and complete decomposition to R R 

compound and metal. 

2COUM —* C«IIrCeH & + 2M 

With a selected R group, the order of decreasing thermal stability is: 

RCu RAgRAu. This is apparently just the opposite of the order of 

’ Kl ... mortivities toward common functional groups, 
increasing relative reactivities , , , . verv 

Some of the compounds decompose explosively, and >ubbmgof ver> 

small sample of dry phenylsilver results m a 

There are three other types of organogoId compounds. IUuA , 

R AnY 1 R An Of these, the R t AuX compound* are most 

saaWef»- n icy 3 are generally best prepared in ether by the fol.owmg 

reaction. ^ ^ + 2RU _ RjAuBr + SLiBr 

The R 3 Au types can be prepare.! in ether at very low temperatures. 

(CH,)sAuBr + CHjl.i - <CH,),A« + I-iHr 

account for some transformation.. an RMgX compound with 

the formation of R-R c^pwiiA ^ ‘i" ^ f caotiolls tho RM 

copper or silver salts. U, lo '“ ^ R-R and metal, 

compound is first formed »n h -rate reaction of the 

Second small and with nitriles." It is 

Grignard reagent «thWt e m organoroppcr compound* 
possible that in such reactions tin , hol Ulc hlUcr may function 

decompose to copper and f.ec ra< - - „ xherma l dccompo- 

catalytically by setting up chain reaction. 

77 Brain and Gibson. J. Chem. (l ^ 61 33-5 ( iyjo ); Gilman and I’arkor. 

7 *Gardnor and BorRstrom. J- -• "*• " -V *a 11109 (1036); Joseph and Gardner, 

ibid., 46. 2823 (1924); Dumhy and Nu-mvland. 

J-Org. Chem.. 6 , 01 (1940). , 68 . 611 (1936) ; Linn and 

74 Danohy. Killian, and Nicuw»a«d. J. 

Nollcr. ibid., 68 . 810 (1930). ^..waiter Ree. Ira p. c him.. 65. 677 (1930). 

7 * Gilman, St. John. St. John, and 1 " l,lc w 63 2:<o5 . _».W. 2315. 2310 (1941). 
’* (a) Kharasch and co-workers. /• - "*• mojO)- Gilman and Jones. J. Am. Chem. 
( 6 ) Bicklcy and Gardner. J - Org. Chen,.. 6 . 1.0 (!*•«». 

Soc., 62. 2367 (1940). 
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sition of RM compounds in the presence of a solvent is not a simple 
reaction, and it may or may not involve free radicals. 766 Catalytic 
quantities of some metallic halides like cuprous chloride have recently 
been shown by Kharasch and co-workers 760 to exert a pronounced 
effect on the course of some Grignard reactions. Third, the inability of 
free radicals to pick up gold mirrors may be due to the uncommon 
thermal instability of organogold compounds. An ingenious indirect 
application of this idea was used in some free-radical studies. Neither 
methyl nor ethyl radicals would pick up beryllium deposited on quartz, 
possibly because of the beryllium reacting with the quartz. Accordingly, 
beryllium was first deposited on gold and then dimethylberyllium and 
dicthylberyllium were formed from methyl and ethyl radicals, respec¬ 
tively. 77 Fourth, there is a possibility that organocopper compounds 
arc intermediates in the Ullmann 78 reaction, which involves coupling by 
heating an aryl halogen compound with copper. 

2 o-NO-C.H.Br —> o-NOjC.H«—C.H.NOrO 

From such a viewpoint the Ullmann reaction may be related to the 
Wurtz-Fittig reaction. The syntheses of diaryl amines and diaryl ethers 
from reaction of aryl halides with aryl amines and with salts of phenols, 
respectively, do not involve intermediate organocopper compounds. 7 ® 0 

It is probable that organomctallic compounds are formed transi¬ 
torily when metals arc used as catalysts in the decomposition of RM 
compounds to R-R compounds. The decreasing order of effectiveness 
of some metals in converting diphenylmercury to diphenyl is: Pd, Pt, 
Ag, Au, Co, Cu, Fe, Zn; and the decreasing order for the decomposition 
of dibcnzylmercury is: Pd, Pt, Ag, Au, Cu, Zn, Fe, Co. 796 

Photochemical Activation. Light has a marked accelerating effect 
on the rate of preparation of phcnylsilver from phenylmagnesium 
bromide and silver bromide. Perhaps the first example of photochemical 
activation in the preparation of RM compounds was Frankland’s 80 
study of the reaction of tin and ethyl iodide. It is known that light also 
accelerates the formation of some organomercury compounds: methyl- 
mercuric iodide from methyl iodide and mercury, and benzylmercuric 
iodide from benzyl iodide and mercury. Also, ultra-violet light acceler¬ 
ates the formation of some organomagnesium iodides. The mechanism 
of activation in these and other preparations of RM compounds raaj r 

77 Paneth nncl I.oleit. J. Chem. Soc.. 36G (1935). 

7 * Ullmann and co-workers. Her., 34. 2174. 3S02 (1901). 

77 (a) Weston and Adkins, J. Am. Chem. Soc., 60. 859 (192S). ( 6 ) Rasuvaov and 
Koton. Der., 66 . 854 (1933); Koton, Dcr., 66 , 1213 (1933). Sec. also. Hodgson and Elliott, 
J. Chem. S'jC., 123 (1937). 

Frankland, Ann., 85. 329 (1S5?) 



545 


ORGANOMETALLIC COMPOUNDS 

not be alike. With organomercurials there may be first a photochemical 
decomposition of mercurous iodide: Hgola —* Hg + Hgl 2 - I hen the 
very finely divided mercury acts upon the RI compound to give* RHgl.- 1 
Apparently, the organic iodides are most responsive to photochemical 
activations concerned with the preparation of organometalhc com¬ 
pounds. 

GROUP n. A-FAMILY 
[Be, Mg, Ca, Sr, Ba, Ra] 

Organoberyllium compounds arc best prepared from beryllium chlo- 
ride and the Grignard reagent. 

BcClj + 2RMgX — RsBc + MgX- + MgCl- 

Dimethylbcryllium crystallizes in white needles, and the low-molecular- 
weight dialkylberyllinm compounds are volatile and inflammable. 1 he 
R 2 Bo compounds and beryllium chloride give RBeCl, and an equi- 
librium like that with Grignard reagents is established. 

R-Bc + BcCl. 2RBeCI 


In general, the organoberyllium compounds show the reactions of 
Grignard reagents, but at a slower rate.'- 

Organoberyllium and organomagnesium compounds are best set 
apart from the other I(M compounds derived from alkaline-earth metals. 
For example, the organocalcium compounds not only react more rcudi y 
than the corresponding RMgX compounds but also they occasionally 
show different reactions. A significantly different reaction is observed 
with some conjugated systems. As a rule, organoberyllium compounds 
and Grignard reagents arid 1,4 to the conjugated system in a compound 
like benzalacetophcnone.-’- M Organocalcium compounds ndd 1,2 to 


the carbonyl linkage (p. 511). , 

The 1,2-addition to the carbonyl group of a conjugated system is 
characteristic of the more reactive RM type* like the organolithium com¬ 
pounds. It is not surprising, therefore, to observe that, although 
phcnylmagnesium bromide adds 1,4 to the latend-nuclear conjugated 
system in benzophenonc-anil, phenyllithium, -sodium, -potassium, and 
phenylcalcium iodide add 1,2 to give triphenylmethylanilme.-** 


(C«H *)*C=N Cell 6 + 


IC.lULi l 
ICdUCall 


(C*H b ),CNlIC«m 


“ Maynard. J. Am. Chem. Soc.. 64. 2108 (193-). 

•* Gilman and Schulze, ibid.. 49. 2904 <192/ >; J.( hem. 9_.». 

•* A particularly interesting exception is desrnbed by Sm.tl, and Hanson. J. Am 
Chem. Sac., 67. 1320 (1935) ; Stevens, ibid.. 67. 1112 (1935). 
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This is one of several illustrations which warrant the consideration of 
organocalcium compounds with the organoalkali compounds rather than 
with the Grignard reagents. 84 Another is the reaction with azoben¬ 
zene. 296 (p. 512). 

Incidentally, the definitely unlike type of addition of organolithium 
and -calcium compounds to conjugated systems makes it possible to 
establish the interchange of metals in some RM reactions. For example, 
it has been postulated that a less reactive RM compound can be pre¬ 
pared from a more reactive RM compound and the halide of a metal 
which can form a less reactive organometallic compound. On such a 
basis one would expect the following transformations. 


CeHsLi + Mglj — C«HfcMgI + Lil 
C«H*CaI + Mgl* — C«H s MgI + Cal* 


There is no convenient way for isolating the phenylmagnesium iodide 
from such reactions. However, isolation is not necessary if the phenyl¬ 
magnesium iodide can be definitely characterized. The reaction of the 
resulting mixtures with benzalacetophenone provides a means for estab¬ 
lishing the formation of phenylmagnesium iodide. When benzalaceto- 
phenone is added to either reaction mixture only the 1 ,4-addition 
product is isolated, and none of the 1,2-addition product characteristic 
of RLi and RCal compounds is obtained. Recently, 8 * color test II has 
been used to establish the conversion of phenyllithium to phenyl¬ 
magnesium iodide by means of magnesium iodide. 

Relatively little work has been reported on organostrontium and 
organobarium compounds. However, from available information these 
RM types arc of a relatively high order of reactivity which warrants 
their consideration with organoalkali compounds rather than with 
Grignard reagents. It is possible to arrive at their probable reactivities 
by an indirect procedure. 1,1-Diphcnylcthylene adds alkali metals in 
liquid ammonia to give organoalkali compounds which when hydrolyzed 
yield 1,1-diphenylethanc and 1,1,4,4-tetraphcnylbutane. 86 


(C«IIi)sC=CHj+2N:i 


(C.II»):C-CH, + (CJI»)jCCH,CH*C(C*H»)» 
i NaNa Na 1 Na 

(C.HOiCHCH, (C JI») -C HCH tCH *CH (C *H») s 


In general, it may be stated that where there is a 1,4-addition or a 
dimerizing addition of a metal to 1,1-diphenylethylene to give 1,1,4,4- 
tetraphcnylbutane an RM compound of that metal will add to an 

14 Gilman, Kirby, Lichtenwalter. ami Young. Rec. trav. chim., 55. 79 (1936). 

94 Wooster and Ryan, J. -4m. Chrm. Soc., 66. 1133 (1934). 
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olefinic linkage. This is definitely true of organoalkah compounds 
like those of lithium and sodium. Under corresponding conditions 
calcium, strontium, and barium behave like lithium and sodium toward 
1,1-diphenylethylene in liquid ammonia. From tins one may conclude 
that RM compounds of calcium, strontium, and barium are sufficiently 
reactive to add to an olefinic linkage.* 6 

GROUP II. B-FAMILY 

[Zn, Cd, Hg] 

Zinc. Alkylzinc compounds were the first organometallic com¬ 
pounds prepared. Their synthesis is readily effected by the^cuon of 
zinc on an alkyl iodide or on a mixture of alkyl iodide and bromide. 

CjIUI + Zn — CjH»ZnI 

The alkylzinc halides when heated give the R 2 Zn compound, 

2C;H»Znl ^ (C*IW)*Zn + Znlj 

and the reaction can lie reversed. The arylzinc halides are best prepared 
from the Grignard reagent, 

C«H,MgX + ZnX, — C'.IUZnX + MgX a 

and the diarylzinc compounds from the mercurials." 

(p-ClIaCellOiHg + Zn — O'-CH.C.HOiZn + Hg 

For a long time, the organozinc compounds were used extensively for 
the synthesis of other RM compounds and for the preparation of ketones 
from acid chlorides, 

RCOCI + R'tZn (or R'ZnX) - RCOR' + ZnX 5 

particularly by Blaise and co-workers” Latterly, howler they have 
been largely superseded by other organometallic^, partuularb b> the 
Grignard reagents and orgnnoeadn.ium compounds 1 '^ ‘•us ee, 
to the ease of preparation and manipulation of other RM compound, 
which are less inflammable and give better yields of products 

Perhaps the only two present significant applications of the o.gano- 
zinc compounds are reaction with tertiary hah c>, 

2(CH,),Cel + (C-lL)cZn - 2(CII»)»CC,H» + ZnCU 

“Gilman and Bailie. J. Org. Chem.. 2 - ,,J; * 7K 
17 Noller, J. Am. Chcm. Sac.. 61. 5'.U < ,,J - 

“ Kocheahkov. Neameynnov. o«d l’olro.-'oy, * r.. 

“ Blaise. Bull. sue. ehim.. ID 9. I-XXN I (l'Jll»- 
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and the Reformatsky reaction, 90 which probably proceeds by way of an 
organozinc compound. 

(CH»)iC=0 + BrCHjCOjCjHs —> (CH,).C—CH s C0 2 C 2 H* > 

OZnBr 

(CH 3 ) 2 CCH 2 C0 2 C 2 H 6 

OH 

Organozinc compounds are probably formed as intermediates in some 
other reactions which proceed stepwise or by progressive substitution 91 
and not by the simultaneous removal of two halogens by zinc. 

CIIoBrCOBr + Zn -* CH 2 (ZnBr)COBr -» CH2=C=0 + ZnBr 2 

BrCII 2 CH 2 CII 2 Br + Zn -♦ (BrZn)CH 2 CH 2 CH 2 Br -► (CH 2 ) 3 + ZnBr 2 

The organozinc compounds react less rapidly than the Grignard 
reagents, and this lesser reactivity is reflected in the use of a carbon 
dioxide atmosphere for the early manipulation of the inflammable dial¬ 
kyl zincs, and the reaction with acid halides to give ketones rather than 
any significant quantity of tertiary alcohol. In general, the organozinc 
compounds not only show the same types of reactions characteristic of 
Grignard reagents, but the same general order of activity with selected 
functional groups (p. 501). For example, the relative order of decreasing 
reactivity of some functional groups in their reactions with R 2 Zn 
compounds is: —CHO > —COC G IIs > —C=N. Ka 

Cadmium. The organocndmiuin compounds are best prepared from 
anhydrous cadmium chloride and the Grignard reagent, and the RCdX 
or R 2 Cd compounds so formed need not be isolated but can be used 
directly as can RMgX compounds. They are less reactive than the 
organozinc compounds and like the organozinc and RMgX compounds 
add in a normal manner to the reactive carbonyl group in benzaldehyde. 
Accordingly, a slowly developed color test is to be expected with 
Michler’s ketone, and the time required for a color test illustrates strik¬ 
ingly the relative reactivities of the organozinc, -cadmium, and -mercury 
compounds. Under corresponding conditions, the time required for a 
color test with diethylzinc is 27.5 hours; with diethylcadmium, 100 
hours; and with diethylmercury, in excess of 1000 hours.* 5 

90 Itefornmtsky, Iter., 20. 1210 (1SS7); Nicuwland and Daly, J. Am. Chcm. Soc., 63. 
1S42 (1931). 

91 Michael and Carlson. J. Am. Chcm. Soc.. 68. 353 (1936). 

” (a) Gilman and Marplc, Rcc. trat. ehim., 66. 133 (1936). (6) do Bennevillo, J. Org 
Chcm.. 6. 462. (1941). 
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This relatively slow rate of addition of diethylcadmium to the car¬ 
bonyl linkage indicates that organocadmium compounds might react 
satisfactorily with acid chlorides to give ketones, and that reaction 
would be arrested at ketone formation. Actually this happens, and 
organocadmium compounds are now some of the reagents of choice for 
the formation of ketones from an acid chloride or an acid anhydride and 
an RM compound. 36, Kb 

Mercury. The history of organoz.nc and organomcrcury com¬ 
pounds reveals in a striking manner how the emphasis on ParUcu'ar 
organometallic types has shifted. The zinc and ntcm.ry compounds 
were not only among the first organometallic compounds to ^ d^cot- 
ered, but they were early developed ... so successful a fanner tl t or 
a long time they dominated the field of organometa lie -ompounds 
Their extensive applications as tools for syntheses included the Prep¬ 
aration from them of many other RM compounds. Todat . thcj ot 
only have a highly restricted use for the preparation of o he o.gano 
metallic compounds, but are actually best prepared, generally by means 
of other RM compounds, particularly the Gr.gnard reagents. 

RMgX + HgX: - RHsX 
2RMgX + HgX- — R.Hg 

There arc numerous methods for the preparation of mercurials and 
in general they can be formed wherever an easily replaced hydrogen 
atom U aUuble or where a group is readily replaced by a hydrogen 

atom. 

RH + HgX, 


-IIX 


—II x 

—B,<>| 

—MX 

—SO* 


UllgX 


—co, 

—2CuX 


-N, 
—M«X 


KCOjII + HgX* 
RN-.X + HgXc+ 2Cu 


iRMgX + HgX 2 


RB(0II)2 4- HgX 2 
RS0 2 H + HgX 2 

Obviously, since organomcrcuria.s are cleaved by mineral acids the 

lncKu niai y, n indication of mercurials as derivatives for the 

mercurials illustrate an application u ,,.<1 r iH i*rl 

characterization of less staWc or£ addition of a 

, . rhe .„, e (lC 57 1093 (1036); Ncomcynnov and 1‘ rcidlum. Brr., 69, 
•• (a) Wright, J. Am. Chen,. .Soc.. o . , Am CAcm . 68 . 1131 (1930). for 

1031 (1930). See. ^ methylene compound*. ( 6 ) Brown and 

tho UBO of mercuric chloride in n general 
Wright, ibid.. 62. 1991 (1940). 
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be of possible diagnostic value in differentiating cis and trans isomers 
by the rates of formation of some mercurials . 936 

RCH=CHR + Hg(X)(OCH,) — RCH(OCH 3 )CH(HgX)R 

HgX 

RO=CR + 2Hg(X)(OH) -> RC-CR — RCCH 2 R 

/\ I H 

OH OH HgX 0 

The reaction with acetylenes Ls exemplified by the industrial conversion 
of acetylene to acetaldehyde. 

Organomercurials are the least active organometallie compounds in 
the first two groups, and this is reflected in the fact that they are the 
only organometallics in the first two groups which can be manipulated 
in water and other hydroxylated solvents. The only unsaturated func¬ 
tional group to which they add after the manner of reactive RM types 
is the carbonyl group in a highly reactive compound like ketene or, 
very slowly, with Michler’s ketone. 

H,C—C—O + C.H.HgBr - H : C=C—O-HgUr - II,C—C-OH - H,CC>=0 

Liu c.i U C .11. 

The same reaction, of course, occurs with organozinc and organo- 
cadinium compounds, the organozinc compounds reacting most smoothly 
to give the highest yields of methyl ketones .* 4 As a rule, ketones are 
formed with difficulty from mercurials and acid halides, which is in 
sharp contrast with the related reactions of the zinc and cadmium com¬ 
pounds. Likewise, RX compounds undergo highly restricted meta- 
thetical reactions with organomercury compounds. 

However, the halogens (particularly iodine) react smoothly . 95 

RHgX + I 2 — RI + HfiXI 

Also, the nitro and nitroso groups can l>e introduced .* 60 

RHgX + NOC1 -* UNO + HgXCl 

A related reaction, in which nitroso compounds may be intermediates, 
is the formation of diazonium nitrates by interaction of N 0 O 3 and 
N 2 0 4 with R 2 IIg and a variety of other RM compounds .* 66 These are 
some of the more important replacement reactions of arylmercurials. 

»• Hunt. Jones, and Blunck. J. Am. Ch, .Sor.. 57. 2033 (1935). Hurd und Hoe. ibid., 
61.3355 (1939), observed no reaction between ketene and tetraethyllead. 

»* Whitmore and Thorpe, ibid.. 55. 7S2 (1933). See. also. Whitmore.‘ Organic Com¬ 
pounds of Mercury." C'liemiral Catalog Co.. New York (1921). pp. 07-73. 

** {at Smith and Taylor. J. Am. Ch,,,,. Sac.. 57. 2-100 (1935). (6) Makarova and Nca¬ 
me y a no v. J. Gen. Cluin. {C.S.S.HA. 9. 771 (1939) [C. .1.. 34. 391 (1940)). 
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Some other reactions of mercurials have already been considered 
like the preparation of organoalkali compounds and the cleavage of 

unsymmetrical mercurials by acids. , . . 

Inasmuch as mercuration of aromatic nuclei is not only a relatively 
mild reaction compared with nitration and bromination, but also leads 
sometimes to substitution in otherwise inaccessible positions mercura¬ 
tion finds itself peculiarly adapted for many aromatic syntheses. A 
striking illustration of the relative ease of mercuration is found w,h 
dimethyl furan- 2 , 5 -dicarboxylnte. This compound is inordinately 
resistant to typical nuclear substitution reactions like nitration, sulfona- 
tion, bromination, and the Friedcl-Crafts reaction; however, mercuration 

replaces /9-hydrogens. 

ch,o,c^o,ch. -* cn.OiCv.oJco-.cn, + ch.o,cL 0 Jc 0 .c... 

Inasmuch as a-hydrogens in furan undergo prompt and smooth nuclear 
substitution reactions it is not surprising to find that furan is mcrcurated 
almost instantaneously at room temperature. 




1Ib(OAc)j 


* O 


+ 


IfgOAc AcOH 




HgOAc 


The general equilibrium between mixed and simple organomctallio 
compounds is observable with mercurials. 

2RIIgX RsHg + Hg x * 

Any reagent which removes mercuric salt from the rone of ^action will 
shift the equilibrium to the right, and this is accomplished c uefly by 
reducing agents such as sodium, stannous chloride, sodium thiosulfate, 

and ll‘. y thc a Zn-Cd-Hg series, the thermal stabilities of the organometallies 
apparently decrease with increase in atomic weight, as in the adjoining 
Cu-Ag-Au series in the B-Family of Group I. However the order is 
reversed with reactions like oxidation and cleavage by active hydrogen 
compounds: the organozinc compounds arc most inflammable and most 
readily cleaved by water or other reagents having acidic hydrogens. 
The high inflammability of organozincs and the high toxicity of orgnno- 
mercuriaLs have necessitated special manipulative procedures which, 
in turn, have encouraged the greater development of other organo- 
metallics. However, it should be emphasized that convenience ... 
manipulation may be secondary in importance to inherent differences 
in chemical reactivity which warrant the use of one RM type rather 
than another. We need only recall that the highly reactive organoalkali 
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compounds were extensively developed despite the early need of special 
apparatus and technique. The matter of toxicity is also to be weighed 
against other properties. Numerous RM types are toxic, and, although 
mercurials are more toxic than many other RM compounds, it is possible 
by the proper introduction of substituents to get mercurials of high 
therapeutic value. 

GROUP m. A-FAMILY 
[B, Al, Sc, Y, La, Ac] 

Boron. The trialkyl- and triarylboron compounds are best pre¬ 
pared from boron trifluoride and the Grignard reagent.® 7 

3RMgX + BF 3 — R*B + MgXi 

It has been shown recently that the R 3 B compounds actually undergo 
typical organomctallic addition reactions to the carbonyl group in such 
compounds as benzaldchyde and phenyl isocyanate. 98 This suggests 
that boron partakes more of the nature of a metal than a metalloid, and 
is corroboratory evidence for the mctallicity of boron. However, such 
addition reactions are slow, and direct comparisons with related zinc 
and aluminum compounds show that the order of relative reactivities is: 

R»A1 > R 3 B > R 2 Zn 

In such reactions, only two of the R groups arc involved under cus¬ 
tomary conditions, and one of the products is a monosubstituted boric 
acid, RB(OH) 2 . These organic boric acids are quite stable, and actu¬ 
ally phenylboric acid can be nitrated by means of fuming nitric acid to 
give the three isomeric nitrophenylboric acids [NOoC gH.jB(OH) 2 ], with¬ 
out any significant cleavage of the phenyl-boron linkage." 

The disubstituted boric acids, R.BOII, which arc solids like the 
monosubstituted boric acids, indicate the relative inertness of organo- 
1 compounds, for here, too, a given molecule contains not only the 
o nomctallic linkage (carbon-boron) but also the active hydrogen 
pi *nt in the hydroxyl group. In general, it appears that organoboron 
compounds may be anomalous with respect to cleavage by active or 
acidic hydrogen, for the simple trialkylboron compounds are spontane¬ 
ously inflammable and yet uncommonly resistant to the action of water 

" Krause and Nitsche. Bcr.. 55. 1261 (1922). 

** Gilman and Marple, R<c. Iran. ehim., 56. 7G. 133 (1936). 

"Seaman and Johnson. J. Am. Chcm. Soc.. 53. 711 (1931); Ainlcy and Challenger. 
J. Chcm. Soc.. 2171 (1930). See. also. Bcttman. Branch, and YabrofT. J. Am. Chcm. Soc.. 
66 , 1865 (1934), for the dissociation constants of substituted phenylboric acids. 
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and alcohol. Trimethylboron is the only known gaseous organometallic 

C ° m Trialkylboron and triarylboron compounds form addition compounds 
with nitrogen bases like ammonia and a wide variety of amines to give 

amnunes. RjR + KH , - R,B-NH, 

A related reaction is observed with sodium. 

(C«H») a B + Na —* (C«Hfc)iB-Na 

and on the basis of this and other evidence it has been suggested that 
triarylboron compounds might be considered as free radicals, analogous 
to triarylmethyls. Both triphenylboron and tnphcnylmcthjl add 
sodium from dilute amalgam, and in both cases the sodium u remoted 
by mercury. 1 ** Tri-a-naphthylboron adds two atoms of sodium, and 
the second atom is held much less firmly than the first. 

Aluminum. Trialkylaluminum compounds are prepared from 
aluminum chloride and the Grignard reagent; and tnarylalummum 
compounds from aluminum and the mercurial-. The.mixed organo- 
aluminum compounds arc conveniently prepared by direct interaction 
of aluminum with some RX compounds. 

RX + A1 RsAlX + RAlXa 

The organoaluminum compounds either fume or are spontaneously 
inflammable They undergo many of the reactions of Grignard reagents, 
but at a slower rate. Like the corresponding boron and ^de compounds 
they react with typical functional groups at rates ".^ ,ch p ‘“ C * ^ 1 ^ C ' 

tional groups in an order of relative rcactmt.es Ji^t^establ,shed 

give highly condensed products. This raises a question concerning the 
intermediate formation of organoaluminum 

Crafts reaction. It was originally suggested by Fnedel and C.afts that 
the reactions which later came to bear tl.e.r name P™cocd by way of 
organoaluminum compounds.'* 5 * It * possible, under drastic condi- 

100 Bent and Dorfman. J. Am. Cl,'*,. Soc.. 67. .259 (.935)1 Krauao and co-workcra. 

6®' 0938)1 Gilman and Appmon. 

d. 0^“c“ “.62 Sl G- and Mavily. 6. .06 ,1939). (6, Gilman and 

^ I*-- W “ «» ' 1888) - »» P “'°- A, “ «“* 

Lincci, 10. 193 (1929) [C. A., 24, 1300 (1930)J. 
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tions, to effect the following reaction between boron trichloride and 
benzene. 1026 

C 6 H fl + BCU -> CiHtBCU + HC1 

However, even if it be granted that the related aluminum chloride will 
react in an analogous manner and under the relatively moderate condi¬ 
tions existing in a Friedel-Crafts reaction, it is still necessary to consider 
the relative reactivities of mixed compounds like RAICI 2 and R 2 AICI. 
Confining attention to the two most important Friedel-Crafts reactions, 
ketone formation and alkylation, present evidence is inadequate to rule 
out the participation of intermediate organoaluminum compounds if 
such organometallic compounds are formed. Complexes between 
ketones and aluminum chloride do not give condensation products when 
treated with organoaluminum halides under moderate conditions, and 
the ketones are recovered upon hydrolysis. Furthermore, highly satis¬ 
factory yields of ketones and keto acids are obtained by interaction of 
ether-free organoaluminum halides with acid chlorides or acid anhy¬ 
drides. 

In alkylation reactions, ethcrates of phcnylaluminum iodides 
and alkyl iodides yield small quantities of homologs of benzene together 
with large amounts of resins. 103 However, when ether-free organo- 
aluminum halides are used, the homologs of benzene are obtained in 
satisfactory yields with no resin formation. 

Scandium, Yttrium, and Lanthanum. Triethylscandium and tri- 
cthylyttrium have been prepared from the metallic chlorides and ethyl- 
magnesium bromide. These organometallic compounds have been 
described as liquids which oxidize readily and arc decomposed promptly 
by water. 104 

Free alkyl radicals have been shown 106 to react readily with lan¬ 
thanum by the Paneth technique. This indicates that a compound 
like t rimcthyllanthnnum may have been prepared, even though there 
is no present information concerning its properties. 

*°* Leone and co-workers. Gat:, chim. Hal ., 55. 204. 301. 306 (1925). 

,ot Plots. Cmnpt. rend. acad. set. C.R.S.S .. 20. 27 (1938) (C. A.. 33. 2105 (1939)1. 

l0i Rice and Rice, "The Aliphatic Free Radicals." The Johns Hopkins Press. Baltimore 

(1035). p. 5S. 
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GROUP in. B-FAMILY 

[Ga, In, Tl] 

The R.M types of gallium,- indium.-’ and thallium- are generally 
prepared by reaction of the me,a. with a mercurial or by mteraetton 

b t <-■ «»• 

Although only one P enyl e J R Ga and R 3 In compounds 

customary conditions, all three g I ^ colmection it u of 

taLStfS diphenylindium iodide and phenylindium diiodide react 

"xSrsiifs; o. h„ b. m »..b- 

lished: —■— — Rain. RsGa. R.T1- Fi both triphcnv |. 

Three incidental reactions are noteworthy. *««, 
thallium and diphcnylthallium jro^ reactions, which 

to gi y e diphcnylmcrcury. JJ i M . oall , c of the ready formation 

are probably cqmhbna, are mten>« from an RM 

of a less react,veR. I P , a |)ro mpt metal-mctal intcrconversion 

compound and a metal, occonu, i ,09 

occurs between triphcnylthalhum and n-butylbthiun 

(C.H0.T1 + 3 n-C«II»I.i - *.H.U + O-CdWiTl 

Third, triphenyl,hallium is converted in a boiling xylene solution 

to phenylthallium and biphenyl- 10 

(C«H»)iTl - C.H.TI + C.H. C.II. 

• n i,*nllv more reactive than triphenylindium 

IriphcnyUhalliuni, bu. V- 

» . fh m S*»c.. 62.060 (1940). <6» Dennis and Pat node, 
(a) Gilman and Jonca. J * .. « 6 3547 (1033); Rcnwaru. Dcr.. 65. 1308 

. bid., 54, 182 (1032); Kraus and loondcr. tbtd.. 50. 

U032). . Suc 62. 2353 (1040). (5) Dennis. Work. 

•" <“> Gilman ° ,,d i°T\: ,mT( 1934)‘; Schun.b and Crone, ibid.. 60. 30b (193S) 
Kochow. and Chumot. tbtd.. 66 104* fj) (fc) G|o||> 62 . 2908 (1930) ; 

100 W Gi ‘ ,,,on a ^ ,M c! ioo'(1932); Birch, ibid.. 1132 (1934). 

Mcnzics and Cope. J. them. • ~ >w 62. 2357 (1940). 

,w Gilman and Jones, J. Am. C !• . 
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than a Grignard reagent like phenylmagnesium bromide. In the 
absence of a reactant, the transitorily formed phenylthallium is readily 
converted to triphenylthallium and metallic thallium, probably by way 
of diphenylthallium. 

6 CeH 6 Tl -> 3T1 + 3(C 8 Hs),T1 T1 + 2(C«H 6 ) 3 T1 

Coordination Compounds (p. 1879). Organogallium compounds are 
peculiarly appropriate for illustrating some effects of coordination com¬ 
pounds in organometallic chemistry. The simple triethylgallium 
[(C 2 H 6 ) 3 Ga] reacts violently with water; the etherate [(C 2 H 5 ) 3 Ga- 
(C 2 H 5 ) 2 0] vigorously; and the ammine [(C 2 H 5 ) 3 Ga-NH 3 ] only very 
slowly. 1066 

Triphenylgallium only gives a Michler’s ketone color test when an 
excess of the RM compound is heated in a benzene solution with the 
ketone. The color which develops is much weaker than that observed 
with the related triphenylthallium, which is less prone to form co¬ 
ordinate linkages. 

Varying coordination effects of solvents may influence profoundly 
the relative reactivities of RM compounds. For example, an ether 
solution of Michler’s ketone with one equivalent of phenylmagnesium 
bromide regenerates most of the ketone on hydrolysis. 1100 ’ 6 However, 
when benzene is used as the medium, there is less tendency for coordi¬ 
nation formation, and addition to the carbonyl group to give a carbinol 
is pronounced. Phenyllithium, which is distinctly more reactive than 
phenylmagnesium bromide, has very little tendency to form coordina¬ 
tion linkages. Actually, phenyllithium reacts promptly with Michler’s 
ketone, in either benzene or ether, and none of the ketone is recovered 
on hydrolysis. 

Several broad generalizations can be made concerning coordination 
compounds in organometallic chemistry. First, the slow reaction or 
the essential absence of reaction between some carbonyl-containing 
compounds (like ketones and esters) and moderately reactive RM 
compounds is due in part to the formation of coordination compounds. 
Second, the less reactive RM compounds have a generally greater 
tendency to form coordinate compounds. Third, the variations in the 
order of reactivities of some functional groups (p. 501) with different 
RM compounds may find an explanation in the varying stabilities of 
coordination compounds. Fourth, the generally greater reducing action 
of moderately and less active RM compounds may be due, in part, 

1X0 (a) Gilman and Jones, ibid.. 62. 1243 (1940); 63. 1102 (1941). (6) Pfeiffer and 
Blank, J. prakt. Chcm.. 163, 242 (1939). See. also, Shrinor and Sharp. J. Org. Chem.. 4, 
575 (1939). 
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to the greater tendency of such compounds to form coordinate linkages. 
Fifth, solvents can markedly influence RM reactions as a consequence 
of varying coordination tendencies. 


GROUP IV. A-FAMILY 

[Ti, Zr, Hf, Th] 

Numerous attempts have been made to prepare organotitanium and 
organozirconium compounds, hut without unequ.voca success 
Titanium and zirconium chlorides arc reduced to lo'«T ‘,al,dcs and 
possibly to the metals, in reactions with RMgX and RLi compounds^ 
In these reactions, the R groups may couple; ^proportionate to P e 
R + H and R-II compounds; or abstract hydrogen from the sohent 
to give RH compounds. The nature of the R group has a marked 
influence, phenyl radicals giving predominantly biphenyl, and methj 
radicals almost exclusively methane. 10 ’ 


GROUP IV. B-FAMILY 

[Ge, Sn, Pb] 

~ icri Mcndcl^cff predicted that ckasilicon (ger- 

XtS- do^’^tir r oiulmetanic compounds, but 

more recentl? the field has been enriched, particularly as a consequence 
° f l The l single ^organogermaiii^m in ^ , " , | ,> °"u^ ll u r ® best prepared by 

interaction o^germaniuin^tetrachhiriile wijh^Rher^hc^Grt^uu'd^rcagents 

mct'alaUon of amines which undergo facile 

nuclear substitution. 

2(CjH.)»NC«H» + 2GcCI. [(CrlD.NC.H.CeORO 

The other is an interesting reaction which has also been used for organo- 
tin and organolead compounds. 11 * 

[Gc ++ Cla]-Cs + + HI — HGcCla + Csl 

22 1G7 (IKS9): Riuuvaov and Bogdanov. J. Gen. 

8 ’ 1298(,938) lr - u 

M ' "n and lowing.. «*-- »• 015 (,9: ' 9 >- 
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In this reaction, it is essential that the metal in combination with 
halogen does not have its maximum electrovalence and that it can in 
addition form a complex with alkali halides. 

There is a regular gradation in properties of the compounds having 
R groups attached to carbon, silicon, germanium, tin, and lead. First, 
the thermal stabilities decrease so that organolead compounds are the 
least stable thermally. Second, the tendency to form large molecules 
with the central element joined directly to itself decreases in the same 
order. A compound having six germanium atoms has been prepared as 
follows, 


CeH 6 GeCli + K 


_Gc Ge Ge Ge Ge Ge- 

C«Ht C.Hk C®Hi CcH* C«H& C 6 H t 


the terminal valences not being united to give hexaphenylgermano- 
benzene, as was supposed originally. 11 * Third, the tendency to form 
mixed hydrides like RMH 3 , R 2 MH 2 , and R 3 MH is lowest with the 
organolead compounds. Fourth, the rate of cleavage by halogens or 
acids is greatest with organolead compounds. 

U,M + X 2 — R»MX, R«MXt, RMX* + RX 
R 4 M + HX — RjMX, RiMXj + RH 

Fifth, although none of the compounds adds to a simple unsaturated 
linkage like the carbonyl group in aldehydes, the organometallic com¬ 
pounds undergo cleavage with acid halides and some reactive alkyl 
halides, the organolead compounds again being cleaved most readily. 

R«M + R'COCl -> RCOR' 

R 4 M + CH—CHCHsBr -> RCHjCH—CH* 

Tin. The best general method for the preparation of simple 
organotin compounds, both aliphatic and aromatic, is the reaction 
between a stannic halide and the Grignard reagent. 

4RMrX + SnCU — R4Sn + 4MgX s 

Among special methods for the preparation of organotin compounds, 
three are of particular interest. In the Meyer reaction, an alkylstannie 
acid is prepared from potassium stannite ." 4 

KSnOOK + RI — RSnOOK + KI 

1,5 Schwarz nnd Schtiu*ism.*r. liir.. 69. 579 (193G). 

1,4 Meyer. Brr., 16. 1439 (1SS3); PfcifTer and I-ehnnrdt. Bcr.. 36. 1054 (1903). 
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Another method is illustrated by the following reaction: ““ 

R.Hg + SnX- — RiSnX- + Hg 

In a third procedure, the double salt of a diazonium^compound with 
stannic chloride is treated with a finely powdered metal like copper. 

(RNtCl)jSnCl, — RtSnCl- 

The conversion of R.Sn compounds to R 3 SnX, R 2 SnX 2 , and RSnX : , 
typla„Teffected not only by halogens and halogen acjds. as men¬ 
tioned previously, but also by interaction wtth stannic halides. 

R.Sn + SnCI. - RjSnCl, R.SnCl,, RS-CI, 

binations. ,l6c 

HiSn + 2HbnX» 


HjSnX + KSnXj 

2K 3 SiiX + SnX « 
R 4 Sn + R=SnX 2 


-> RjSiiX 2 


RsSnX 


„ .1 a * a Kv *1 variety of organic compounds con- 

are the alky. 

earl The‘n^ed^oi^notin' ha'l'ides mactwith sodium in liquid ammonia 

as follows: + 4K . _ Ri SnNa, + 2NaX 

. . ,i„ i? QnNfl-> and R 3 SnNa, are useful syntheti- 

The sodium-tm compounds, ^ 2 ia(ions - s hydroly8ls by ammonium 

cally and among their ■ > «. xn mple. disodiumdiphenylt in 

chloride or bromide to gi\ e h> ui iut >. « 

gives diphenyltin diliydridc. 11, 

(C«H»)sSnNat + 2 KlW*r - (C.H^nll, + 2N.Br + 2KH. 

m <«> Ncemoyanov and Kocl».»hko^% U93o!'l(*! 6 l K 3o!4S4^\'93ii)t 

moyanov, und Klimova. J.w"* ' . >n / ly:l5) u\ A.. 29. 5071 (1935)1: Deba¬ 
te) Kocho-hkov l C. ,1.. 33. 5820 (1939)1. 

ahmakava and Kochcahkov, io«a., . 1922 (1929). (fc) Kraue and So»- 

*“(a) Dost and Dor K strom. J. Am. « • •• • 

sions. ibid.. 47. 2301 (1925) ; Kraus and hosier M.. 49. 457 (19-7). 

»» Chambers and Scherer, ibid.. 48. 10..4 (1J- )- 
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Lead. The preparation and properties of organolead compounds 
are very much like those of organotin compounds . 118 Tetraethyllead, 
the most important organolead compound, is prepared technically, 
for use as an anti-knock compound, from ethyl chloride and sodium-lead 
alloy. 

C 2 H 6 C1 + Na(Pb) — (C A)«Pb 


The following reactions used for the preparation of an organolead 
compound having four different groups attached to lead illustrate the 
preferential cleavage of radicals and the general procedure employed 
for the synthesis of a wide variety of unsymmetrieal organometallic 
compounds 119 (p. 424). 


(C,H,),Pb —> (C«Hi)jPbCI " C ‘" -- l - P - , - > (C,H 6 ),PbC,H r n 

HC1 oCH|C(H«MsBr 

—> (CeH 5 )(n-C 3 H 7 )PbCU-—-► 


(C #H &) (n-C 3 H 7 ) Pb(C «C II 3 - 0 ) 2 


nci 


(CJIs)(n-C 3 H 7 )((>-CH3C«H«)PbCl 


It will be observed that experimental conditions can be so ordered 
that hydrogen chloride cleaves one or two radicals, as is also true of 
cleavage by halogens. The order of increasing ease of cleavage of radicals 
is: n-propyl, phenyl, o-tolyl. Somewhat related reactions have been 
used for the synthesis of asymmetrical organogermanium and organotin 
compounds, both types being subsequently resolved to optical isomers. 

No organolead compound has as yet been resolved. Wien the 
phenyl-n-propyl-o-tolyllead chloride was treated with an optically active 
organolithium compound, 


C s H 7 CH, 

I I 

C«H 6 - -Pb—Cl + LiC«II«0—C—H 

I I 

Cel^CIIj Cell ,3 


C 3 H 7 CH 3 

I I 

Cclie—Pb— CeH 4 0—C—H 
C«H,CH, C.Hi, 


the resulting optically active compound was an oil which could not be 
separated into its two diastereoisomers. 

An interesting and ingenious application of radioactive organo¬ 
metallic compounds might be mentioned here. In quantum yield studies 
concerned with the photochemical decomposition or photolysis of 

m C’alingacrt, Chcm. Rf r.. 2. 43 (1925); Gilman and Bailie, J. Am. Chem. Soc., 61, 731 
(1939). 

"» Austin, J. Am. Chem. Soc.. 55, 2948 (1933). See. also, Krauso and Schlottig, Bcr. 
68 . 427 (1925). 
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but it suffices to pick up ^ mlnn ,. r are carried along to a 

0.3, ...d — 

by the usual, highly sensitive radioactive methods. 


GROUP V. A-FAMILY 

[V, Cb, Ta, Pa] 

• i fnr t ho existence of an orpanomotallic 
There is no decisive evidence or he ^ y g^, 

compound derived from a nut. la . , hc i, a |ides, have been 

inorganic vanadium compound. , I ^ products are reduced 

and possibly some organovanadium 

srs axswssis- - —«—- 


CbCl.CioIl 


TaCl.CtlU, TaClj(CioH;)s 


, i ._mu ted from reactions with vanadium 

Related compounds have been npoiicu 

tetrachloride. ,51 ‘ , ucccss will attend the preparation of 

It appears hkcly that gr • or olhc r mo dcrately reactive 

those RM types if the G p ' , C „ ilh halides in the lowest valence 

organomctaUic compounds lie tr „. u .hloridc and RMgX or 

state. The reaction betw^n tantalum P- ^ ^ ^ of tantaUlm 

RLi compounds leads to the f hydrocarbon when CH*M 

and RH compounds, methane bung me 

types are used. 

• chem. Soc., 68 . 44S C1030) ; see. also. Burton. 

1,0 <°) Leighton and Mortcnscn. J. ■ ibul 63 383 1 (1931); Kirsanov and 

Wed* and Davis. UnJ.. 62 2fn> d ■ ^ (ig36) [C . A.. 30. 1025 (1030)1. 

■Soronova, J. Gen. Chcrn. (( . 0 .• . 0^5 (1«J2S). Sec Atnnnsycv. Chemistry & 

m (a) Funk and Nicderlftndcr. / ‘ r ‘* * . format ion of highly unstable phenyltun 

Industry, 69. 631 (1940). concern. ngUvet 7 . 1037 (1915). 

talum compounds. (6) Merles and I lcck. J. /"<*• * * 
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GROUP V. B-FAMILY 

[Sb, Bi] 

The trialkyl and triaryl derivatives of nitrogen, phosphorus, arsenic, 
antimony, and bismuth show regular gradations in properties. Many 
of the variations in properties might have been predicted on the basis of 
organometallic characteristics reaching a maximum with the bismuth 
compounds. (1) The thermal stabilities decrease with increasing atomic 
weight of the central element. (2) The inflammability is greatest with 
the organobismuth compounds. (3) The tendency to form R 3 MX 2 
types by the addition of halogens decreases with descent in the family. 

AlkyljSb -4- X- —* Alkyl,SbX, 

Actually, the trialkyl bismuth compounds do not give such salts; instead 
one or two R groups are cleaved. 

Alkyl,Bi + X, -> Alkyl.BiX + Alkyl BiX, + Alkyl X 
The triarylbismuth compounds add halogens to give triarylbismuth 
dihalides. (4) The formation of onium compounds, by addition of an 
alkyl iodide, decreases generally. Trimethylantimony adds methyl 
iodide slowly to give tetramethylantimony iodide, 

(CH,),Sb + CH,I -> (CH,) 4 SbI 

but trimethylbismuth does not add methyl iodide . 1 - 20 

The best general method for the preparation of trialkyl and triaryl 
compounds of antimony and bismuth is the reaction between a halide 
and the Grignard reagent. 

SbCI, + CH,MgI — (CHj),Sb 
BiCb + C«HfcMgBr — (C,H,),Bi 

The Bart reaction 1226 used for the preparation of arsonic acids is 
applicable to the stibonic acids, Aryl-Sb0 3 H 2 , but not to the analogous 
bismuth compounds. However, it has recently been shown that organo¬ 
bismuth compounds can be prepared from diazonium compounds by 
the following typical sequence of reactions. ,22e 

2C 6 H,X,C1+ BiCl, -> (C,H,NsCl),-BiCl, 

(C,H,N s CI), BiCl, -—» (C.H»),BiCl 
3(C,H 6 ) : BiCl —> 2(C«H,)jBi 

(a) Davies, Norvirk. and Jones. Bull. toe. chim.. 49. 1S7 (1931). (5) Bart. /Inn., 429, 
55 (1922). (e) Gilman and Yublunky. J. .4m. Chcm. Sac.. 63. 949 (19-11). (</) Gilman and 
Yablunky, ibid.. 62. 665 (1940). Sec Gilman and Barnett, Rcc. Irat. chim., 65. 563 (1936), 
for the use of hydraiine for converting other RMX compounds, like KHgX, to tho cor¬ 
responding RjM types. 
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The intennediate compounds have been Isolated; and hydrazine appears 
to be a reagent of choice for converting arylbismuth halides to triaryl- 
bismuth compounds. , “‘ < 

Studies by Challenger and co-workers, particularly with organobis- 
muth compounds, have demonstrated that organobismuth compounds 
undergo more ready cleavage than organoantimony compounds. The 
cleavage reactions have been carried out with a wide variety of inorganic 
halides and some alkyl and acyl halides.'- 30 

(C e H 6 )jBi + HgCIs —* CeHfcHgCl + (C«H»)*BiCl 
(CeH 6 ) 3 B» + C«IUC1I 2 CI — C* H 4 CH 2 C«H* + (C*H»)sBiCl 
(C e Hs) 3 Bi + CHjCOCI — C*H fc COCH a + (C 6 H 6 ) s BiCI 

No addition of either an organoantimony or an organobismuth coin¬ 
pound to a simple functional group like the carbonyl group in aldehydes 

has been reported. . 

Organoantimony and organobismuth compounds undergo metal- 

metal interconversion reactions with organoalkali compounds. - 
(C.H.)aSb + 3»i-C»H»I.i —» 3C»H»Li + (n-C.H.l.Sb 
(p-CHjCtH.)jBi + 3»-C.H,Xa — 3p-CH,C.H,Na + (»-C,H,),Bi 

In liquid ammonia, R 2 SbX and R,BiX compounds react promptly 
with lithium, sodium, potassium, calcium, and bar.um to give deeply- 
colored R s SbM and RjBiM types. 1 *** 

(C«H,),BiBr + 2Nn — (C.H»),BiNa + NaBr 

These dimctallic compounds undergo ready reaction with RX com¬ 
pounds and provide one of the better procedures for the preparation 
of asymmetrical orga.ioantimony and organobismuth compounds.'-** 

R,BiM + R'X —* R*R'Bi + MX 

They also undergo a halogen-metal interconversion reaction in liquid 


ammonia. .„ __ . .... , p ,» 

(C«H»)jBiNa + «-C»H,I - (C.H.) S B.I + a-C,.H,Na 

The stability of organobismuth compounds varies markedly with 
the type of compound (R 3 Bi, R 3 BiX a , R 2 BiX, RBiX*), and the char¬ 
acter and position of substituents in the II group. Among the most 
stable compounds are the triarylbismuth dici.lor.dcs, and a compound 

rn (a) ChoUongcr and Ridgway. J. €»*-. *e. »«■ »« »«». f 

1 «. • , . Chi n, Sac 61.1170 (1939). (c) Gilman and \ ablunky. ibid., 63. 

212 (IWl). ’(d)’ Gilman and Yablunky. ibid.. 63. 207 (19-11). «•) Supniowaki and Adam. 
ibid., 48. 507 (1020). 
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like tri-p-tolylbismuth dichloride can be oxidized to tri-p-carboxyphenyl- 
bismuth dichloride by means of potassium permanganate or chromic 

acid me 

(p-CHaCeHOaBiCh -* (p-H0 2 CC 6 H4) 3 BiCl 2 

Extensive studies 124 of compounds like (C 6 H 5 ) 3 BiX 2 have shown that 
the order of decreasing stability of the dihalides is: R 3 BiCl 2 , R 3 BiBr 2 , 
R 3 BiI 2 . However, with R 2 BiX types in liquid ammonia, the order is 
reversed and the R 2 BiI compound is most stable . l23e 

A sensitive test, known as color test III, is characteristic not only 
for triarylbismuth dihalides but also for the more reactive arylmetnllic 
compounds like those of sodium, lithium, and magnesium. 8 * The 
color test, when used for reactive arylmctallic types, is carried out readily 
by adding 1 cc. of the RM solution to 1 cc. of an approximately 1 per cent 
solution of triphenylbismuth dichloride in dry benzene. With aryl- 
lithium and arylmagncsium compounds a deep purple color forms 
instantaneously. The reaction mechanisms of this color test are as yet 
unknown. It is interesting that triarylarsenic dihalidcs and triaryl- 
antimony dihalidcs do not give the test. Using phcnylmagnesium 
bromide, a positive test is obtainable with 1 cc. of a 0.0039 molar solu¬ 
tion of triphenylbismuth dichloride. 


GROUP VI. A-FAMILY 
[Cr, Mo, W, U] 

Numerous attempts have been made to prepare organometallic 
compounds of molybdenum, tungsten, and uranium. AN hen the method 
has involved interaction of the halide salt with the Grignard reagent, 
the course of reaction has resembled markedly that noted with halides 
of the A-family of Group V: namely, reduction of the salt, coupling to 
form R-R compounds, and the very doubtful formation of organo¬ 
metallic compounds. 125 However, recent preliminary studies have shown 
the possibility of preparing some complex phenylmolybdenum and 
phcnyltungsten compounds. 1260 

The studies by Hein and co-workers 1265 have provided a good picture 
of organochromium compounds. The chief reaction product of chromic 

1,4 Challenger and Richards. J. Chcm. Soc., 405 (1934). 

m Dennett and Turner. J. Proc. Hop. Soc. X. S. Wales. 53. 100 (1019) (C. A., 14. 414 
(102011; Lid and Dutt, J. Indian Chcm. Soc.. 12. 3S9 (1935) |C. .1., 30. 452 (19301. 

»«(„) Hein. Xalunrisscnscha/len. 28. 93 (1940; Angcw. Ch.n,.. 61. 503 (1938). (5) 
Hein and co-workers. Her.. 64. 191G. 1936. 2710. 2727 (1921); Bcr.. 67. 8 , S99 (1924); 
Her., 69. 302. 751 (1926); Bcr., 61. 2255 (1928); Bcr.. 62. 1151 (1929); J. prakt. Chcm., 
153, 160 (1939). 



ORGANOMETALLIC COMPOUNDS 


565 


chloride and phenylmagncsium bromide is pentaphenylchromium bro- 
mide, 

5C 6 H.MgBr + 4CrCU — (C.H.HCrBr + 2MgBr- + SMgCIi + 3CrCl- 

which ^nth alcoholic potassium hydroxide gives pentaphenylchromium 
hydroxide. This strongly basic hydroxide undergoes an unusual reaction 
when salts are prepared from it either by the act.on of acids or by 
double decomposition with alkali salts: a phenyl group is removed and 
tetraphcnylchromium salts result. However, tetraphcnylchromium 
hydroxide (prepared from tetraphcnylchromium iodide and silvrr 
hydroxide) behaves normally to give tetraphcnylchromium salts. 

(C,H.),CrI + AgOH — (C.HO.CrOH * (C«H.),CrX 
Among other products of the reaction between chromic chloride and 

phenylmagncsium bromide are tetraphcnylchromium salts and tn- 
phenylchromium salts. These, when electrolyzed in J 
give the highly unstable, simple organochronuum compounds. tet.a- 
phenylchromium, [(C 0 H 5 ),Cr].. and tnphenylchrom.um, ^ 

In color the organochromium compounds resemble markedlj he 
inorganic dichromates. All the organochromiumW 
are relatively unstable thermally and quite scum i'< u K • j • 

The alkylchromium compounds appear to be particularly unstable, and 

n ° n pentapheny i°'telrapheny 1-, and triphcny.chromium hydroxides are 
strong 1 *base's^ 1 the'conductivity increasing with a decrease in the number 

^ « Import of J,-. £ 

Jr srr 

... • ..ei- it iimrare reasonable lo uku uu \ 

with organic compounds, t a » . (hc manner „f orgauot in 

will react with some alkyl and ac \ i nainn *> 
compounds. 

GROUP VI. B-FAMILY 

[Po] 

No study has been reported on SETS; 

Polonium hydride however has organopolonium co.n- 

bismuth hydride.- One ay P ■ on{allHbislnuth compounds. 

Ct'^onTuch t^ma. instability will be the relatively short 
half-life period of the radioactive compound. 
m Panclh and Johannscn. Bcr.. 66. 2622 (1J *• 
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GROUP VH 

[Mn, Ma, Re] 

Organomanganese compounds, prepared by interaction of manganous 
iodide with Grignard reagents or organolithium compounds, are inflam¬ 
mable and of moderate thermal stability. They are promptly decom¬ 
posed by water, yielding the parent RH compound, and they react 
with the usual organic functional groups at a rate somewhat like that 
observed with organoaluminum compounds. Accordingly, they are the 
most reactive of all known organometallic compounds in Groups IV, 
V, VI, VII, and VIII. 

No study has been reported concerning organomasurium compounds. 

Interaction of rhenium trichloride with methylmagnesium iodide 
has been reported to give trimethylrhcnium, an almost colorless oil, 
heavier than water, not very inflammable, and decomposable slowly 
by hydrogen peroxide to give perrhenic acid. 1 * 8 ® However, there may 
be as yet unexplained catalytic influences, for according to recent 
studies this reaction yielded almost exclusively methane and ethane. 1286 


GROUP vm 

[Fe, Co, Ni, Ru, Rh, Pd, Os, Ir, Pt] 

Very few organometallic compounds of Group VIII metals have been 
described. Apart from some orgnnoiron compounds, for which there is 
indirect evidence, the only organometallic types isolated and studied 
in any detail have been some methylplatinum compounds. 

Kthyliron chloride has boon prepared from ethylzinc iodide and 
ferrous chloride. 

Fed- + C-lUZnl — C,H*FeCI + ZnCII 

The same product is obtained from ferric chloride, which presumably 
is first reduced to ferrous chloride.'- 9 

2FeCl, + C-HsZnl -> 2 FcC 1 2 + C-IIJ + ZnCl 2 
Phenyliron iodide has been prepared by a corresponding reaction. 130 

2FoI 2 + 2C 6 Hj,ZnCl -* 2C6H s FeI + ZnCl 2 + Z 11 I, 

,:s (a) Druce, J. Chem. Soc.. 1129 (1934). (6) Gilman. Jones. Moore, nnd Kolbozen 
J. Am. ( hem. Soc., 63. 2525 (1941). 

,M Job nnd Reich, Com pi. rend., 174. 135S (1922). 

Chain potior. Bull. soc. chim.. 47. 1131 (1930). 
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The chief evidence in support of the organoiron compounds is the forma¬ 
tion of ferrous hydroxide on hydrolysis. 

2RFeX + 2H-0 —* 2RH + Fc(OH)- + FeX 2 

When iron halides are treated with Grignard reagents the reaction pro- 
ceeds predominantly to the formation of coupling (R-R) compoun^ 
Practically quantitative yields of biphenyl have been ob amed f om the 
reaction between phenylmagnesium iodide and halides of the Group Vm 
metals. 131 ” The lesser yields of biphenyl when the chlorides of osmium, 
iridium, and platinum are used suggest that the extent of the coupUng 
reaction is a rough measure of the thermal u*tab.l.ty oI the^mter- 
inediately formed organometallie compounds, the phenjlplatinum 

i5£'~— p™— 

and methylmagnesiuin iodide. 1316 

PtCU + 3CH,MgI (C1I,)>PII + 2MgCI. + Mgl s 

It was subsequently 131 ' shown that tctra.ncthylplatinum is one of 
several by-products of the reaction between platimc chloride and 
methylmagnesiurn iodide. Te.ramethylpla.inum » P^-pared con¬ 
veniently from trimethylplatinum iodide and methyLsodium. 

(ClI^jIHl + CHjNa — (CH 3 ) 41*1 + Xal 

Hexamethyldiplatinum has been prepared by heating^ trimethyl- 
platinum iodide with powdered i-otassmin in dry benzene. 

2(CH»)jPtI + 2K - (CH,),l*tPt(CH,). + 2KI 

Organopalladium compounds have lanm postulated as intermediates 

in — - — * - 
Group VIII metals. 

ORGANOMETALLIC "RADICALS’* 

Some organometallie compounds appear to have a metal with 
a valence lower than normal. These so-called organome tall c radii a >, 
like triphenyllead, may possibly have a very low concentration of the 

radical present. (C.HO.Pb-PbfC.H.), 

... . 1 i,„ (‘hem. Hoc- 61. 957 (1939); Kharaaeh ami 

1,1 <«> Gilman and I.ichlcnwaller - • ‘ np| j rhr ,„ m Soc.. 95. 571 (19091. ID 

Fields, ibid.. 63. 2310 (19-11). < *> "j ' 60 ;{0s5 (,/) Bunch un.l Wctwr. 

Gilman and UchUnwoltcr. J. Am. them. .v^.. ow. 

J. jrrakl. Chcm.. 146. 1 ( 1930 ). 
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However, magnetic measurements have not revealed free radicals, and 
some of the earlier evidence based on molecular-weight determinations 
may be vitiated because of the slow decomposition of the RM com¬ 
pounds to fragments of relatively low molecular weight. 1320 The special 
properties of such compounds may be due to a very weak metal-metal 
linkage. Some of the organometallic “radicals” have properties sug¬ 
gestive of a radical like triphenylmethyl. Such characteristics are 
color; marked tendency to assume a normal valence of the metal by 
addition of oxygen, iodine, or metals like sodium; increase in associa¬ 
tion or polymerization in more concentrated solutions; and dispropor¬ 
tionation. Some of the “radicals” have properties, such as luster and 
conductance, similar to those of metals. 

Mercury. Some alkylmercury compounds like methylmercury and 
ethylmercury have been prepared 13:6 by the electrolysis of alkylmcr- 
curic halides in liquid ammonia at a temperature of —60°. The radicals 
were deposited on the cathode, and were found to be unstable. Methyl- 
mercury, for example, shows considerable decomposition even at —33°. 

2CHjHg -* (CHj)iHg + Hg 

This tendency of the radical to disproportionate to free metal and an 
organometallic compound having a metal with normal valence is shown 
by many organometallic radicals. 

The metallic characteristics of n compound like methylmercury recall 
the properties of substances like tetramethylammonium, (CH 3 ).»N. If 
the metallic nature of this group, which itself contains no metal, be 
admitted, then it becomes understandable why compounds like bcnzyl- 
tctramcthylammonium, CgH 5 CII 2 N(CH 3 ) 4 , have been correlated with 
organometallic compounds (p. 530). 

Thallium. Diphenylthalliuin is probably formed when one equiva¬ 
lent of sodium is added to a solution of diphenyl thallium bromide in 
liquid ammonia. 109 

(C'Hi) s TlBr + Na — (C.IU)-Tl + NaBr 

There is more compelling evidence for the transitory formation of 
phcnylthallium when tri phenyl thallium is heated in xylene. 109 

(C«H*),TI -> CellsTl + C«H § C 6 II 6 

In the absence of a reactant, the phenyl thallium is converted to tri- 
phenylthallium and metallic thallium, probably by way of diphenyl- 
thallium. 

6C«H*Tl — 3T1 + 3(C«H*)*Tl — T1 + 2(C 6 H 6 ) 3 T1 

»«<a) Morris and Selwood. J. Am. Ckrm. Soc.. 63. 2509 (1941). (5) Kraus, ibid., 

35. 1732 (1913). (c) Kraus and Brown, ibid.. 52. 4031 (1930). 
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Pyrolysis in xylene, in the presence of reactants like carbon dioxide, 
benzophenone, and benzonitrile, results in the normal additions of a 
moderately reactive RM compound. 

C.H.T1 + (C.H.) : C=0 n " ^-> (C.H,)jCOH 

Phenylthallium, which is probably the most reactive organometallie 
“radical,” is highly unstable thermally. When phenyll.thium was 
added to a suspension of thallous chloride (T1C1) in ether cooled to 
-70°, there was an immediate deposition of metallic thallium. The 
subsequent isolation of triphenylthallium indicated that phenylthallium 
was formed initially, but then decomposed in essential accordance with 

the reactions illustrated above. . 

Germanium. Diphcnylgermanium has been prepared by the action 
of sodium on a diphcnylgermanium dihalide in boiling xylene. 

(C,H,)*GcX s + 2Xa — (C.H»),Ge — [(C«H.) : Cc]. 

In liquid ammonia, sodium reacts with diphenylgermanium to give 

diphenylgermanium-disodium. 

(C«II»)sGe + 2Na — (C«II»)*C.eNa* 

This reaction is quite general with organometallie radicals The sodium 
derivatives are useful in synthesis, reacting for example, with alh>l 
halides to substitute alkyl radicals for the sodium. 

Tin. Di-and trivalent organotin compounds of both the aliph.iti. 
and the aromatic scries have been prepared. Diethylt.n has been synthe¬ 
sized in several ways, of which the following arc typical. 

(C«H 6 )jSnX. + Na amalgam — (C-Hi)tSn 

2 CjllkMgBr + SnClj —* (CjII.)«Sn + 2MgX, 

The diaryltin compounds have been prepared by related methods, as 
well as by pyrolysis of the dihydride. 1 ” 

(C.H.),SnH, — (C«II»)iSn + H, 

The R 3 Sn compounds are conveniently prepared in liquid ammonia 
by reactions like the following.' J< 

(CHa)aSnX + Na — (CHa)aSn + XaX 

(CeHi)jSnNa + CISnfC.IU). - 2(C.H.),Sn + NaCl 

m / v , . , a , -tns <185°) * Frankland. Ann.. 86. 329 (1853): Pfeiffer. Dcr.. 44. 

(a) LSwjg, Ann.. 84. 3C - • (1920); Chambers and Scherer. J. Am. 

1209 (1011). (6) KnuueaiHl Decker. Ihr.. 63 17^ u ^ 4? 2361 (1925) . Harud.v 

Chem S° C " AQ. 1054 (1 ? 2 ^ A ., 2 A. 1340 (1930)|; Ladcnbur*. Ann. (•*?.,,././.) 

tS 0872) C.»). Chamber* and Scherer. X Am. C, 

48. 1054 (1020). 
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In general, both the di- and trivalent organotin compounds react 
readily with oxygen, sulfur, and halogens to give tetravalent types. 

2R 2 Sn + 0 2 — 2R*SnO 2R a Sn + X« -+ 2R a SnX 

They add sodium, as mentioned previously, and reduce salts like mer¬ 
curic chloride and silver nitrate. The alkyl compounds associate or 
polymerize more readily than the corresponding aryl types. When the 
compounds are colored, the color varies with the It group: dicyclo- 
hexyltin is intensely yellow, and a benzene solution of diphenyltin 
becomes dark red when exposed to sunlight. 

Lead. The general procedures for the preparation of so-called 
organolead radicals may be classified roughly as reductions and the 
direct introduction of R groups. The best illustrations of reduction are 
the preparation of triethyllead (or hexaethyldilead) by electrolysis of 
t riethyllead hydroxide, 1340 and the reaction of sodium in liquid ammonia 
with triethyllead bromide. 1346,136 

(C 2 II & ) 3 PbBr + Na — (C 2 H*) 3 Pb + NaBr 

The direct introduction of R groups has been effected by interaction of 
sodium-lead alloys and alkyl halides, and by reaction of lead chloride 
with RMgX or RLi compounds. The usual reaction between lead 
chloride and RMgX compounds gives R*Pb compounds. 

PbCl 2 + RMgX — R«Pb 

With some Grignard reagents no special procedures are necessary for 
the formation of the radical types. Actually, p-xylylmagnesium 
bromide gives tri-p-xylyllcad in 50 per cent yield and no tetraaryllead. 
It appears likely that the di- and trivalent lead types arc precursors in 
the formation of most R 4 Pb compounds from lead chloride and the 
Grignard reagent or organolithium compounds. 136 This finds support 
in the following observations: (1) In the preparation of R 4 Pb compounds 
the colors characteristic of R 2 Pb and R 3 Pb compounds arc first noticed. 
(2) The di- and trivalent types can be isolated from such reaction mix¬ 
tures. (3) The R 2 Pb and R 3 Pb compounds are converted to the R 4 Pb 
compounds on the application of heat, in the presence or absence of 
Grignard reagent. 

,J * (a) Midgley. Hocliwalt, and O'olingucrt. J. .im. Chrtn. Sue., 45, 1821 (1023). See. 
also. Tafcl. B<r., 44, 323 (1011>; Renger. Bcr.. 44. 337 (1911); nnd Lowig, Ann., 88, 318 
(1853). (6) Caliuguerl and Soroos. J. Org. Chcm., 2. 535 (193S). 

•“ Gilman and Bailie. J. Am. ( hem. Soc.. 61. 731 (1039). 

IM Krause and co-workers. Bcr., 52. 2105 (1919) ; Bcr., 53. 173 (1920); Bcr., 54, 2000 
(1921): Bcr., 55. SS8 (1922); Muller and Pfeiffer. Bcr., 49. 2443 (1910); Goddard. J. Chcm. 
Soc., 123. 1161 (1923); Austin. J. Am. Chcm. Soc.. 64. 3720 (1932). 
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The several transformations may proceed stepwise, 

PbCl- + 2RMgX — RsPb 
3R;Pb > 2RiPb + Pb 

4RiPb n "--> 3R«Pb + Pb 

for the di- is convertible to the tri-, and the tri- to the tetravalent type_ 
These reactions leading to the formation of an orgonometallie compound 
with the metal in a normal valence state remind one of the thermal 
decomposition of metl.ylmercury to dimethylmcrcury and mercury. 
Actually, however, there may be, under certain conditions, secondary 
transformations in the conversion of PbCL, to R < Pb. One of these 
with n-butyllithium and R 3 Rb or RjPb Pbll3 is. 

R,Pb—PbRj + N-C.H.U - Rjl’bl.i + R.PbC.H,-.. 

The R 3 Pb compounds add alkali metals in liquid ammonia.™ 

K,Pl> + Na — RaPbNa 

The resulting dimctallic compounds are useful for the preparation of 
unsymmetrical [RaR'Pb] types. 

RjPbNa + R'X - H,RTb + NaX 

Addition also takes place with the binary system. Mg+ 

2MgBr, the magnesious halide behaving m many respects like sodmm. 

RaPb + [—MgBr) - R.PbMgBr 

A similar reaction occurs with triphenylmethyl. u7 

(C«H»)aC + (—MgBr] — (C e U*)aCMgBr 

In a general way, the properties of R.Pb and R,Pb compounds 
closely resemble those of the corresponding organ^ni™ C 
approximate order of decreasing stability is: Ary i 3 Pb A 3 Pb, Alky l 3 Pb, 
Alkyl 2 Pb. The number, kind, and positron of substituents in the alky 
or aryl groups play, of corns*-, a significant part in the properties of these 
severel types, ^ust as they do in organometalhc compounds having a 
metal with normal valence. , . • , 

Bismuth. When diphcnylbismuth halides are treated in liquid 
ammonia with lithium, sodium, potassium, calcium, or barium, the 
following general reaction occurs. 

(C.H,),BiX + Na — (C.lU),Bi + NaX 
ln Gilman and FothergiU. 7. Am. CAc. S~.. U. 3149 0929.; Go.nb.rg und B.ch- 
inann, ibid., 62. 2455 (1930). 
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The intense green color of diphenylbismuth (or tetraphenyldibismuth) 
gives way to the characteristic deep red color of diphenylbismuth- 
sodium when more sodium is added. 123 * 

(CtH»)}Bi + Na -» (CeH*) 2 BiNa 

There is also evidence for the transient existence of dimethylbismuth 
and diethylbismuth. 138 

Chromium. The triphenylchromium and tctraphcnylchromium, 
mentioned with organochromium compounds, have some metallic 
characteristics highly remindful of compounds like methylmercury. 
In particular, each reacts with water with the liberation of hydrogen 
and the formation of the corresponding hydroxide. 

(C«H 6 ) 4 Cr + H 2 0 -> (C«H 6 ) 4 CrOH ••••(H) 


INTERCONVERSION OF ORGANOMETALLIC COMPOUNDS 

There is an unusual tendency for one organometallic compound to 
be converted to another organometallic compound. Several of these 
interconversions have already been considered. 

1. The so-called radicals tend to revert to organometallic com¬ 
pounds having the metal with a normal valence. 

2CH,Hg — (CHj) 2 Hg + Hg R s Pb — R s Pb R 4 Pb 

Phenyltin, which may be formed transitorily in the following reaction, 

C«H«SnCl» + 3Na -> [C.H*Sn] + 3NaCl 

disproportionates 139 to tctraphcnyltin and tin. 

4[C«H(Sn] — (C 6 IU) 4 Sn + 3Sn 

Under corresponding conditions the intermediately formed phenyl- 
germanium polymerizes (p. 558). 

2. The equilibrium between simple and mixed compounds 

RjM + MX* «=* 2RMX 

appeal's to be attained more rapidly with the more reactive organo¬ 
metallic compounds. That Is diphenylmagnesium and magnesium 
bromide give phenylmagnesium bromide more rapidly than tetra- 
phcnyltin and tin tetrachloride give phenyltin chlorides. 

When the metal in the salt MX 2 is unlike that in the organometallic 

,u Denham, ibid., 43. 2367 (1921); Paneth and co-workers. Dcr., 62, 1335 (1929); J 
Chan. Soc., 3CG (1935). 

,w Schwarz and Reinhardt. Bcr., 65. 1743 (1932). 
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compound, the reaction can proceed in at least two ways. Either one 
organometallic compound is formed exclusive!}, 

(C 6 H 6 ) : SnCl- + HgCIi — C.HtHgCl 
CHjHgOH + C*H»B(OH)s — CH.HgC.H. + H.BO, 

or a mixture of two different organometallie compounds results.'”* 
(C,H 6 ).Pb + BiBrj - (C.H*)-_PbBr._ + (C.H.).BiBr 


r-w-—- 

compounds to the symmetrical t>pe> 

2RMR' —* R«M + R'jM 

appears to be greater with the more reactive organometallic com- 
pounds. 

4. The following equilibrium ^ 

is generally displaced Z” 
reactive organometal he compound. , flom an organometallic 

been carried out on ‘ h e expulsmn wilhout a solvent.-* The 

compound by another me al lwU influcnccd by such factors as 

direction and ex en °f ^p a<eme mclals to f„ r m couples or 

takc pwe 

by way of free radicals. 1 "' __ 2|{ _ + M 

2R— + M' R?M' 

i ,.r ,,totals sucRcsts the possible inter- 

—^ ~ zszlsvsj: 

accessible benzyllithium. 14 * 

C.H.CIljMgCl + CelWLi - C«H»CHiMgC«H» + L.C1 

C.h CH,MkC«H, + 0,11,1.1 - C.IUCIhLi + (C.H^Mg 
C»H6CII 2 Mg ' (V.S.&*.), 4. 1102 (1034) 

140 (a) Kochcshkov and N«mcyanov. „ lul Kochcshkov. Bcr.. 68. 505 

1C. A.. 29. 3093 (1935,). (6> Frc.dl'^ N y ^ 

(1935) ; Gilman and Apporson. J. Ort.w .. 64 445 (1031). (6) Krnfft 

»« (a) Schlcnk and Holtz. Bcr.. «°- » 2 (l ®J 7 *CrutTnor. Bcr.. 45. 2828 (1912); Bcr.. 46. 
and Neumann. Bcr., 34. 565 (1901). I » l*‘ • (1921); Shurov and Hasuvaev. Bcr.. 

1076 (1913); Stcinkopf and Buehheim. ' • • 66 133 (19 3 0 ,. (c) Gilman and 

66. 1607 (1032); Gilman and Marplc Rcc. Ira- 0l3 (l932 >. 

Brown, ibid.. 50. 1S4 (1931); «»" d ™ ^ ^ Schlcnk and Holtz. Bcr.. 60. 

Ziegler and Dcrsch. Bcr.. 64. 141. 161 (1924). 

262 (1917), and Hein and co-workcrs. A. an g 
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The benzylphenylmagnesium, which is probably formed as an inter¬ 
mediate, might be expected to disproportionate to dibenzylmagnesium 
and diphenyl magnesium, in which event, the precursory active agent 
would be dibenzylmagnesium. Some other illustrative interconver¬ 
sions of two different organometallic compounds follow: l43a 

2CH»HgI + (CjHOiZn - (CFI,),Zn + (C,H»):Hg + Hgl, 

(a-C 10 H,),Bi + (C.H*)»Hg - (a-C,oH,) ; Hg + (C.H*)»Bi + («-C, # H,)(CiH*)*Bi 
(C«H»)jPbCl + p-CH,C.H«U - (C.HOJ’bC.H.CH,-p + (p-CH,C.H,)«Pb 

This last reaction illustrates an interchange of radicals resulting in the 
formation of but one class of organometallic compounds, the organo- 
lead compounds. A related reaction im is: 

CtHuBiClj + CtH»MgBr - (C»H„),Bi + (C,H,),Bi + (C*H„)(C s H»).Bi 

A more complete account of recent studies in the interconversion or 
redistribution reaction of some types mentioned in this section is given 
in Chapter 24. 

G. The replacement of radicals has also been observed where but 
one organometallic compound is involved. 

a-CioH;Br + n-CjIULi —♦ a-CioH7Li + n-CWUBr 

This type of lmlogen-mctal interconversion reaction is discussed on 
p. 538. 

7. There are special reactions for the conversion of one type of 
organometallic compound to another type, 

(C = IU)-Sn + C-IUI — (C 3 lI*) 3 SnI 

as well as the many general reactions previously considered such as the 
conversion of an H.jM type to II 3 MX, I^MXa, and RMX 3 compounds 
by the action of halogens and halogen acids. A special reaction involv¬ 
ing carbides is the formation of some mcthylmctallic compounds from 
aluminum carbide and salts of heavy metals like mercuric chloride, 
stannic chloride, and bismuth chloride. 144 

IICl 

AUC, + HgCl* -> CH 3 IIgCi and (CH*) 2 Hg 

The relatively ready interconversion of organometallic compounds 
suggests ionic reactions. However, only the more reactive organo- 

m (a) Franklnnd. Ann.. Ill, 44 (1S59); Challenger and Ridgway, J. Chcm. Soc., 121, 
104 (1922); Austin. J. Am. Chem. 64. 3726 (1932). (6) Norvick, Xaturc, 136, 1033 
(l!)3f>). See. also, Challenger. J. Chem. Soe.. 105. 2210 (1914). and Kocheshkov. Nea- 
ineynnov, and Pusyrewa. Her.. 69. 1639 (1936). 

,u Hilport and Ditmar, Bcr., 46. 3738 (1913) 
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metallic compounds are appreciably dissociated (p. 530). Some studies 
have been carried out to determine whether there is slight ionization with 
the relatively unreactive organometallic compounds (Chapter 24). 
When radioactive lead salts, like lead chloride and lead acetate, are 
heated with non-radioactive organolead compounds, like tetraphenyl- 
lead, there is no exchange of lead atoms. When dissociable inorganic 
salts with different acid radicals arc used, there is an exchange between 
the active and inactive salts. 145 * More recent studies have indicated 
a transference of atoms with organometallic compounds. By means of 
the radioactive indicator method, using radioactive isotopes to show an 
exchange of atoms, evidence has been obtained which suggests that both 
radioactive lead and radioactive bismuth can exchange with lead in 
tctramethyllcod and bismuth in trimethylbismuth, respectively, in 
ether solution at room temperature. Because the exchange is not shown 
with trimcthylaminc, tetramcthylsilicon, and tetramethyltin it is 
probable that the transference occurs mainly with atoms of the same 
atomic number, and without a break-up of the molecule which would 
be expected if free radicals were involved. 1455 

Although the evidence for ionic reactions in in tercon vers ions is weak, 
particularly where different organometallic compounds are involved 
it is more likely that ionic reactions arc involved in the exchange of 
acid radicals in mixed organometallic compounds. In a compound like 
RMX there may be in tercon versions ( n) of the R group, (6) of the metal, 
and (c) of the X group. Actually, all three kinds are known, and the 
first two have been mentioned. The following illustrative transforma¬ 
tions of X groups are readily effected. 

RMOH — R MCI — KMF 


Incidentally, the relative stabilities of compounds like (CoH^aBiX,.. 
where X is halogen or a pseudo-halogen, are almost exactly in the order 
determined by the decomposition potentials of the I^tassium salts in 

water:' 48 F, ONC, OCN, CM, N 3 , Br, CN, SCN, I, SeCN, leGN. 

The fluoride is most stable, and a compound like (CcHs^BiIo is ex¬ 
tremely unstable. The (CeH 5 ) 2 BiX compounds have apparently an 
order of stability which is the inverse of the order of stability of 
(C 6 H 6 ) 3 BiX 2 compounds. 

Finally, mention should be made of the formation of an organo¬ 
metallic compound having two or more different metals from on organo- 

(a) Hevcsy and Zechmeislor. Her.. 53. 410 (1020). (6) Leigb-Smith and Richard*,,.. 
Mature, 136, 828 (1936). 

>«• Challenger and Richards. J. Chem. .W-. 405 (1034). 



576 


ORGANIC CHEMISTRY 


metallic compound with but one metal. The following reactions 
illustrate the first synthesis of this kind: 147 


(CH 3 ) 2 Sn 


CH 2 —CH 2 


CH«—CHs 


(CH 3 )*Sn(CH 2 )*Br 


CH,M,C1 > (CHj)jSn(CHj)iBr —> (CH,) J Sn(CH,) l MgBr 


(CHj)jPbBr 


(CH 3 ) 3 Sn(CH 2 )&Pb(CH 3 ) 


PHYSIOLOGICAL PROPERTIES 

As a broad generalization it may be stated that organometallic 
compounds are relatively highly toxic. Little is known of the odor 
and taste of the moderately and highly reactive organometallic com¬ 
pounds, partly because of their slight volatility and more particularly 
because the aqueous medium presumably necessary for these sense 
perceptions is ideally suited for decomposing the reactive organometallic 
compounds. Because of the known toxicity of the slightly reactive 
and more volatile organometallic compounds, no intentional taste 
test comparisons have been reported. The odors of such compounds 
arc better known, and they vary over wide limits. Some have a 
pleasant fruity bouquet and others are highly obnoxious; some are 
without any appreciable odor and others have ill-defined “characteristic 
odors.” There arc highly purified RM compounds which develop an 
odor only after brief contact with the atmosphere. Some chemists who 
have worked closely with particular types can detect minimal quantities 
by a characteristic odor, as, for example, the lower-molecular-weight 
dialkylmercury compounds. 

Although it is true that organometallic compounds are generally 
quite toxic, it is equally true that there are marked variations in toxicity. 
The variations arc noted with different classes of organometallic com¬ 
pounds and also within the same class, depending on the alterations in 
structure of the R groups and the nature of X or the acid radical. 
This makes it understandable why some oiganometallic compounds 
have actually found application as therapeutic agents and why others 
are being investigated for their possible curative effects. Organoanti- 
mony and organobismuth compounds have been used in trypanosome 

147 GrOttner and Krause. Ber.. 50. 1549 (1917). 
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infections; organomercury compounds as disinfectants and^ diu¬ 
retics;»«» organolead compounds in the treatment of cancer and 
organogold compounds in the treatment of tuberculoses and arthru 
Organometallic compounds have also 

in the treatment of some forms of cocc.d.osts and m botan> as seed 

“ m |r,S o, organometa.lic compound, h.v, 

General bioiopca i In<lircct bu , significant contnbutions of 
been surveyed recent l> urn*** b ob , ems haV e been their 

hormones, carcinogens, and other b.olog.cally potent materials. 


APPLICATIONS 

Undoubtedly the ^eatest value 

their laboratory uk? for syn'l ^ nnli . kllock compound.* It 

application is that of tctracui) compounds combines at the 

is doubtful that any other graup' [ f , he laboratory with an equally 
same time an astonishingly high “I rcductions in the cost of 

low usefulness in the works. 1 , t . . techniques to 

metals and their salts and with! "^.eHikCv “that industrial uses for 
reduce the need of solvents, it is miner "nen 

organometallic compounds i will un cxco l| cn t bridge between 

Organometallic compounds 1 ( . Hlltributions of organometallic 

inorganic and organic cncmiMiy. 

„ ^ rf ml 193 404 (1931). (M Slotltt and Jacobi. J. 

m (a) Lovad.ti and L<p>nc. Cump/ rcnu.. * * j rhannae ol.. 34. 85 (1928); 

.«...«..»u 0 ,„ ; s,. 

an ^c‘r: n :^^^ 

phy Biological action of metal* and » “' r .. (l93 5) ; on d Fiaclil and Schlossberger. 

buch dor cxperimentcllcn Pharmakologie. 

"Handbuch dcr Chemotherapie.” , ‘‘ n vurioU9 rcart ion5: Gilman and St. John. 

• Tetraethyllead also has a catalytic Chcm., 6. 449 (1940). 

IUc. trav. chim., 49. 222 (1930) ; Vaughan and Burt. J• u t 
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compounds to inorganic chemistry have been significant, but less 
numerous than to organic chemistry. There are occasional syntheses 
and analyses of inorganic compounds by means of organometallic 
compounds, but the outstanding uses have been on problems con¬ 
cerned with valence, atomic structure, chain reactions via free radicals, 
and correlations of physical properties. 150 

In addition to the synthetic applications in organic chemistry, 
organometallic compounds have found extensive application in analysis 
(the Tschugaeff-Zerewitinoff procedure) and in the characterization by 
derivatives of some classes of organic compounds. Organometallic com¬ 
pounds have been used to broaden our knowledge of many reaction 
mechanisms such as 1,4-addition, allylic rearrangements, rubber vul¬ 
canization, 151 and reduction by sodium and alcohol, as well as many of 
the condensations effected by sodium. 152 Several series of radicals and 
compounds have been developed by means of organometallic com¬ 
pounds: the series of radicals based on hydrogen chloride cleavage; the 
scries of functional groups arranged according to relative reactivities; 
and the scries of extremely weak acids. 

Biologically, the organometallic compounds have found use as 
pharmaceutical agents and insecticides. 140 Perhaps the most suggestive 
idea from a biological viewpoint is that by Willstatter 1530 on chlorophyll: 
the magnesium linkage in chlorophyll may resemble that present in 
Grignard reagents and be a significant point of reaction with carbon 
dioxide in photosynthesis. 1535 One may then speculate that some of the 
subsequently necessary reductions and condensations leading to carbo¬ 
hydrates may also involve Grignard-like transformations. To con¬ 
tinue speculatively, the biologically important catalyst for synthesis, 
hemoglobin, may function as an oxygen carrier, possibly by means 
of peroxide formation due to an organoiron complex. 153 * 

I'rom the viewpoint of organic chemistry it is quite likely that some 

(a) v. Grossc. Z. anorg. all gem. Chem., 152. 133 (192G). (6) Jones, Evans, Gulwell, 
and Griffiths, J. Chem. Soc., 39 (1935); Tcrcnin. J. Chem. Phut., 2, 441 (1934); Thompson, 
J. Chem. Soc., 790 (1934); Thompson and Frewing. Mature, 135, 507 (1935); Garxuly- 
Jnnkc, J. prakt Chem., 142, 141 (1935); Pai, Proc. Roy. Soc. {London), A149, 29 (1935) 
|C. A., 29. 3913 (1935)); Thompson and Linnctt. Trans. Faraday Soc., 32. 081 (1930) 
|C. A., 30. 4371 (1930)]; Brockway and Jenkins. J. Am. Chem. Soc., 68, 2030 (1930); 
Smyth. J. Org. Chem., 6. 421 (1941). See. also. Derinor, Chem. Rev., 14. 385 (1934), for an 
excellent correlation of organometallic compounds with metallic salts of alcohols and 
alcohol analogs. 

141 Midglcy, Hcnne. and Shepard. J. Am. Chem. Soc., 66, 1150 (1934). 

141 Chclinzev and Osctrova, Her., 69. 374 (1936). 

141 (a) Willstatter, .4mi., 350. 04 (1900). (6) It is interesting to note that recent studies 
(Ruben and Kumen, J. Am. Chem. Soc., 62. 3451 (1940)] report the isolation of high- 
molecular-weight acids from photosynthetic reactions, (c) Sco Kunz and Kress, Brr., 
60. 307 (1927), for an indigo-iron complex which takes up and gives off oxygen. 
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of the significant contributions of organometallic compounds m the 
near future will continue along synthetic lines but on a broader basis 
of more highly selective preferential reactions with compounds having 
polyfunctional groups. The gradations in properties of organometallic 
compounds appear to be such as to warrant the expectation of more 
selective reactions. Obviously, newer types of organometalhe com¬ 
pounds should help bridge some of the present gaps ... effecting prefer¬ 
ential reactions. One ...ay predict that organometalhe compounds 
of all the metals trill be prepared. The development of organometalhe 
chemistry has provided numerous hypotheses conccrn.ng the hunt- of 
preparation of these compounds. Gradually, the hypotheses have been 
narrowed down so that fewer and fewer metals are included ... the 
groups which are said to be incapable of forming organo.net all. ccon>- 
pounds. Some of these earlier hypotheses have been useful ... pomUng 
out those organometallic compounds whu-h uni be prepared with^diffi¬ 
culty; other hypotheses have undergone rcvus.on necessitated by the 
preparation of organometallic compounds the existence of uluch had 

been denied. 1500 
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INTRODUCTION 

History of Free Radicals.'during the early decades of the nine¬ 
teenth century the idea of radicals, introduced by Lavoisier in 1785, 
played an important part in the development both of the theoretical 
and experimental side of organic chemistry. Several prominent investi¬ 
gators, among them Liebig, expressed the conviction that radicals like 
methyl and ethyl could be and would be isolated in a free state. Experi¬ 
mental evidence in favor of this view was not lacking. In 1815 Gay- 
Lussac 1 prepared cyanogen gas, and, when analysis showed the gas to 
have the composition CN, it was believed that the free cyanogen radical 
itself had been obtained. In 1841 Bunsen 2 reported the isolation of the 
free cacodyl radical (CH 3 ) 2 As from the reaction between cacodyl 
chloride (CH 3 ) 2 AsC 1 and zinc. Frankland 3 (1848-1850) produced what 
he believed to be free ethyl by abstracting the halogen atom from ethyl 
iodide by means of zinc, and in like manner he prepared “methyl" and 
“amyl.” Similar “radicals” were obtained by Kolbe 4 * by electrolysis of 
the salts of fatty acids. In 1850 Frankland announced that the isola¬ 
tion of these “radicals” disposed of all doubt as to their actual 
existence. 

It was not until 1864, after Cannizzaro had made clear the distinc¬ 
tion between atoms and molecules, that it was shown that the so-called 
radicals, cyanogen, cacodyl, methyl, and the like, had molecular weights 
double that of the radical and were compounds of the type NC—CN, 
(C1I 3 ) 2 As—As(CH 3 ) 2 , and CH 3 —CH 3 . With the advent of the struc¬ 
tural theory based on the unvarying quadrivalencc of carbon, it was con¬ 
sidered that radicals were incapable of existence, and this view was held 
for the next forty years (lS60-1900)^/It is true that Ncf 6 in the last 
decade of the nineteenth century' sought to prove that free radicals, espe¬ 
cially those containing bivalent carbon, were intermediates in chemical 
reactions, but the general opinion was given expression in Ostwald's 
comment in 1896, “It took a long time before it was finally recognized 
that the very nature of the organic radicals Ls inherently such as to pre¬ 
clude the possibility of isolating them.*' 

Four years later (1900) M. Gomberg at the University of Michigan 
announced the discovery of the free radical triphenylmethyl (CqHs^C. 

1 Gay-Lussac, Ann. chim., 95. 150 (IS 15). 

* Bunsen. Ann.. 37. 31 (1841). 

3 Frankland. Ann.. 71. 171 (1S49); 74. 41 (1S50); 77. 221 (1S51). 

4 Kolbe, Ann.. 69. 257. 279 (1S49). 

3 Ncf. Ann., 270, 26S (1S92) : 287. 205 (1S95) ; 298. 202 (1S97|. 
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The goal of the earlier chemists had been attained. More important, 
however, than simply marking the end of the quest for free radicals the 
discovery of triphenylmethyl initiated the study of a most important 
type of compound of significance in all branches of chemistry. 

Discovery of Triphenylmethyl. In 1897 Combe* ‘ had succeeded 
in synthesizing tetraphenylmethane (C«H S ) 4 C for the first time. > 
hydrocarbon yielded a tetranitro derivative which, unlike-the nitre 
derivative of triphenylmethane. gave no color with analeohohcsoluton 
of potassium hydroxide. In order to determine whether th^ test was 
reliable for detecting the presence or absence of a hydrogen atom.on the 
methane carbon, Gomborg ’ decided to prepare the completely P ' l- 
ated ethane, hexaphenylethane (C.H.>,C-C<C.H,) a . and ‘•arn.hebe- 
havior of its hexanitro derivative with alcoholic potass.umJ^roxidc. 
It seemed that this hydrocarbon could be made easily by interaction of 
triphenylchloromcthane and a metal. 

2(C.H.),C—Cl + metal - (C.IU),C-C(C.H»), + metal halide 

By heating a benzene solution of triphenylchloromethane tri.h^silver 
he obtained a colorless solid whose high melting point and sparing 

solubility were analogous to the profiles of * 

peated analysis, however, indicated that the compound contained ox> 
gen. That this conclusion was correct and, f^">crmore that 
oxygen came from the air were shown by running the reaction in an at 
mTsphere of carbon dioxide. Under these conditions the.oxygen com¬ 
pound did not form and evaporation of the soh.t.on y.e ded a co al me 

tremely unsaturated. A solution of it in benzene or in carbon disulfide 
absorbs oxygen with great avidity and gives an insoluble 

free radical triphenylmethyl (CsHslaC—. ^On^this^assiiinpUon^aUjn^^o 

the results become intelligible uml u «h*t notion of the 

_ . .. •* to me. in a mere aus tract ion 01 un 

action of zinc results, as it seems io im, 

halogen. 

tr% . ,, 0041 <1897) J. Atn. Chcm. St»c.. 20. 773 (1898). 

•GomborK. Brr.. 30. 2043 

’Gomborg. ibul.. 22. 757 <19001; Orr.. 33. J1S0 09001. 
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+ ZnCli 


Now, as a result of the removal of the halogen atom from triphenyl- 
chloromethane, the fourth valence of the methane is bound either to take 
up the complicated group (CJHsJaC— or remain as such, with carbon as 
trivalent. Apparently, the latter is what happens.” On this basis the 
extreme reactivity of the hydrocarbon was easily explained: the trivalent 
carbon tends to become quadrivalent and does so by combining with 
other compounds. 

2(C|Hi)jC + Is -> 2(CeH 6 )*C—I 

2(CeHs)jC + 0* —* (CeHftJjC—O—O—C(CflH*)a 

Chemical reactions alone could not exclude the hexaphenylethane 
structure, and so determinations of the molecular weight were employed 
to decide whether the hydrocarbon was a free radical or its bimolecular 
form. The results indicated that the colorless solid hydrocarbon was 
hexaphenylethane, which in solution dissociates into triphenylmethyl 
radicals until an equilibrium Is established. 

2(C«Hi)}C «=* (C«II$)|C—C(C«Ht)a 

The identical equilibrium mixture was obtained from both directions: by 
association of the free radicals as they were formed from triphenyl- 
chloromcthane, and by dissociation of the previously isolated hexa- 
phenylethanc. 

The important observation was made that the free radicals are colored 
while the hexaphenylethane is colorless, and this property of color proved 
useful in observing the progress of dissociation and in detecting the 
presence of the free radicals. When the colorless hexaphenylethane is 
dissolved, the solution remains colorless for a few seconds and then begins 
to turn yellow. In a short time the color reaches a permanent intensity 
as the equilibrium point is reached. With certain concentrations, it is 
possible to remove the yellow color by reaction of the free radicals with 
oxygen and then observe the regeneration of the color as more free radi¬ 
cals are formed by dissociation. 
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to only three groups, investigations were lauded “ 

zzzzzssr- -t-3»— 

and sulfur are linked to an abnormal number of groups. 

FREE RADICALS WHICH CONTAIN CARBON LINKED TO THREE GROUPS 

Triarylmethyls 

A . f .l p Pree Radicals- Free radicals such as the triarylmethyls 

S!t£!ps j-rssrs 

equally between the two rnd'cals P ^ ^ fl rpsult a triarylmelhyl 

two neutral atoms from a diatomic mol 
radical contains an unpaired electron. 

R,C:CR. ;=* 2RiC- 

The ions of the triary.methy. group 

as RoCXfR = aryl; X " Kion (1^)- Electronically 

(R3C) + , and R 3 C-Na «huh y ra di<al, and anion—may be 

(p. 1928) the three species— cation, lice ram 

represented as follows: 


R 


R 


R 


L 

Triorylmcthyl 

cation 


R 


R 


R 


Triurylni •*«»*>'• 
radical 


l R J 

Trinrylmcthyl 

anion 


»■ _ do not „h« i-J-i JE1S 

SX SSS >!” .*ho»yl~,W onion » intensely red 

while the triphcnylmethyl‘’‘^“b^Xculos eontain on even number 
It is almost universal y amagnet ic. Among the inorganic com- 

of electrons and as a result are ^ N0 and C I0 2 ) contain an odd 

pounds only a few (among tnem » 
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number of electrons. Such compounds (called “odd molecules” by G. N. 
Lewis 8 ) are paramagnetic (i.e., they are attracted by a magnet) in virtue 
of the magnetically non-compensated electron. Indeed, free radicals 
have been defined as compounds which contain magnetically non-com- 
pensated electrons.® This property of paramagnetism has proved useful 
in detecting free radicals, and it serves as a basis of one of the methods 
employed to determine the degree of dissociation of hexaarylethanes 
(p. 587). 

According to the modern theory of resonance (p. 1979) the odd elec¬ 
tron does not remain on the central carbon atom but can resonate among 
nine other positions (the six ortho and three para positions of the three 
phenyl groups). These ten structures contribute to the resultant res¬ 
onance state. Several such structures arc shown in the following 
formulas: 

J? o9 /-$* o9 

6 6 6 6 

This resonance leads to an increased stability of the free radical. 

Mention has been made of the color of the triaryhnethyls. Gomberg 
attributed the color to the presence of a quinoid form of the free radical 
which is in equilibrium with the benzenoid form. Evidence in favor of 
quinoidation was adduced from a study of the action of silver on diphenyl- 
p-bromophenylmethyl and related compounds. 10 The colorless com¬ 
pound diphenyl-p-bromophenylmethanc (or the carbinol or alkyl ether) 
which is not subject to quinoidation loses no trace of its bromine when 
shaken with metallic silver. From the corresponding radical, however, 
the bromine is readily removed, and this is explained on the basis of the 
equilibrium between the two forms. 



1 Lewis, •‘Valence and the Structure of Atoms and Molecules,” Chemical Catalog Co. 
Now York (1923); Chrm. Rev., 1, 231 (1934). 

* Kuhn. Xaturwisaenschaftrn. 22. 80S (1934). 

10 Gomberg, Bcr., 40. 1847 (1907) ; Gomberg and Blicko, J. Am. Chrm. Soc.. 45, 1765 
(1923). 
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In the quinoid form the bromine atom no longer Mel by an aromatic 
. • a; rpnetivo to combine with the metal, ine iaci 

that the fflme light absorption is shown by an ether solution of tnphenyl- 
methyl and ether solutions of benzoquinone qu.nonemonoxrme and e 
like 11 is considered to be confirmation of the quinoid structur . 

of the optical activity would mean tha experiment 

serve the tetrahedral ^^[“''^ito^phenvl-p-biphenyl^-naphthyl- 

acid. 

C.Hiv 

p-C.H.C.Hi—C—SCHjCOtH + (CMU)X - 
a-CwH,/ 


C.IU 


n-C.lUC.H,—C + (C«H.)*C—SCHiCOjH 


a-C ,h/ 

. .• „i ociivit v of the solution disappeared as the 

It was found that the optical “ • ^ was formcd . From this 

phenyl-p-biphenyl-o-naphthj radicals cannot maintain 

,„d o.h,, ^ ”n««l lb., qwinoidntion 

the asymmetric configuration. |icaHy active triarylmcthyls since 

resonance precludes ‘h'.^'^^’d'by a double bond to one of the 
the central carbon atom becomes linked »> a 

rings. . xipTaarvlethanes. Three methods have 

Degree of Dissociatio pxtent to w hich hexnarylcthancs dis- 

been employed to In the earlier work, the molecular- 

Bociate into free radicals in 1 methods based on the absorp- 

»- - •>* p—-- - «* '■» 
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radicals have been employed. In harmony with other binary dissocia¬ 
tion processes, the degree of dissociation of a given hexaarylethane 
depends on the three factors, temperature, concentration, and solvent. 
A check on the reliability of the methods can be applied in the form of 
the dissociation constants, which should remain constant over a wide 
range of concentration in a given solvent at the same temperature. For 
the binary dissociation process, R 3 C—CR 3 ♦=* 2R 3 C; K = 4a 2 /(l — a)v f 
where K is the dissociation constant, a the fraction of the hexaarylethane 
dissociated, and v the volume in liters containing a mole of the hexaaryl- 
cthanc. 

If the molecular weight of a hexaarylethane in solution is determined 
by the cryoscopic or cbullioscopic method, a value is obtained which lies 
between that calculated for the hexaarylethane (Af«) and that for the 
triarylmethyl. From this value for the apparent molecular weight (Af 0 ), 
the fraction ( a) of hexaarylethane dissociated may be calculated from the 
formula: a = (M e /M a ) — 1; the percentage of dissociation is equal to 100a. 
From a critical analysis of the data reported by this method Walden 14 
concluded that within certain limits satisfactory values for the dissocia¬ 
tion constant can be obtained in a given solvent. In some instances, how¬ 
ever, there is a “drift” in the values. The molecular-weight method is 
limited in that values in a given solvent can be obtained only at two tem¬ 
peratures, the freezing point and boiling point of the solvent. 

In the second method use is made of the fact that the solutions of the 
hexaarylethanes do not obey Beer’s law. According to this law, the 
absorption of light should remain constant on dilution provided that no 
change in structure or dissociation takes place, for the number of absorb¬ 
ing molecules remains the same. Thus, if a colored solution contained in 
an upright cylinder is viewed from above, the intensity of the color will 
remain the same when solvent is added to the solution, because the dilu¬ 
tion is exactly compensated by the greater thickness of the layer through 
which the light passes. If on dilution the intensity of the color increases, 
it means that the number of absorbing molecules has increased. Pic¬ 
card 16 demonstrated that the color of a solution containing a mixture of a 
hexaarylethane and the triarylmethyl radicals increased in intensity as 
the solution was diluted. That the increased color was the result of a 
simple binary dissociation process followed from the fact that the rela¬ 
tionship between the change in intensity of the color and the variation in 
concentration conformed to the Ostwald dilution law, at least in dilute 
solutions. 16 

14 Walden. "Chcniic der freien Radi kale," Hired. Leipzig (1924). 

,s Piccard. Ann., 381. 347 (1911). 

>• Wooster. J. Am. Chan. Sue.. 58. 2156 (193G). 
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Ziegler and Ewald 15 have made use of this relationship to determine 
the degree of dissociation of hexaphenylethanc under various conditions. 
By measuring the molecular extinction coefficients of the co ored solu¬ 
tions at various dilutions by means of a spectrophotometer, hey deter¬ 
mined the degree of dissociation, using the expression « = EJE *, «he.e 
E, is the molecular extinction coefficient at infinite dilution, obtained 
by extrapolation. By this method they obtained the results shocni 
Table I for hexaphenylethanc in benzene at 20 . The x aluc of A, a bout 

TABLE I 

Dissociation of Hexaphenylethane 


t» b vuniun 

Ill » 

12.5 

98 ^ 

885 

25.700 

77.5 

76.000 

Oil 

X 

i iiti 

% Dissociation (100a). .. 

3.0 

9.0 

25 8 




6100 An increase in temperature causes an increase *te*^*£ 
hexaphenylethane. Thus, a 0.07 per cent bcn*cne soU Mon of luxa 

phenylethane contains 18 l ,cr ^ > " 1 ^ a nd ^2 per cent at 

JTdWW? US ^ *» .- uf 

^'^The'effijcrof'thc solvent on ** l ^.'^! ? ^ ( ^pp|^p^^lniiK , ''in a'nuniber 

^Xnt%Sv a r rr.ffi.«.«- ^ ir. 

STS cUiV^enc ffibromide, TO; ben^. 4.i 1 chloroform. 

6.9; and carbon disulfide 19.2. dissociation, first sug- 

The third method ^crm^hc suscep, ibi.ity 

gested by Taylor,•• consists in a. 8 ) ^ ) ^ ( . a , ( . u | ato d ,| le 

of a solution containing the free rad^ ^ _ (>f ^ Hnpailtsl electron 

paramagnetic suscept.b.htj a c mg moU . , lf fre0 radical at 20°. 

should be equal to 1200 X . f W(lu , ion it is possible to 

From the observed -^-‘'" fr - radica. and hence the degree of 
calculate the concentration of tin i 
dissociation of the hexHarylcthaiic. 1 * 

17 Ziegler on«l Ewold. Ann.. 473 lC ? (l J^: 

'•Taylor. J. Am. Chen.Soe.. 4®.. ^ * “ |mve cle-cri i XH | „„ nppnratu* nnd procedure 

•• Itoy and Marvel {ibid.. 69. f eoUltl „ Ur< „f freo radicals by the Quincko 

for measuring the paramagnetic sm.cept.b.1 ties o. 

hydrostutie method. 
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One of the most influential factors affecting the dissociation of hexa- 
arylethanes is the nature of the aryl groups attached to the central carbon 
atoms. This is readily apparent from a comparison of the degree of dis¬ 
sociation of various hexaarylethanes under similar conditions. In Table 
II are given the values which have been obtained by the cryoscopic 
method in benzene (5°C.) at approximately the same concentration 
(about 0.08 molar, which corresponds to about 1-3 per cent solutions 
of the hexaarylethanes). 

TABLE II 

Dissociation of Hexaarylethanes 


Radicals Formed 

Color of Radicals 

Dissociation of 
Ethane, % a 

TriDhenvlmethvl. 

Orange-yellow 
Brown (100°) 

Deep red 

Reddish brown 

1-3 

Q-Phenvlfluorvl.i 

0 

Dmhen vl-p-anisvlmct hyl. 

20-25 

Diohcnvl-o-anisvlmethvl. 

25-30 

Dinhenvl-fl-nanhthvlincthvl., 

Wine-red 

7-9 6 

Dii)hcnvl-a-nai)hthvlmethvl. 

Deep red-brown 
Deep red 

Orange 

28-31 6 

Diphenyl- 1-phonanthrvlmcthyl. 

32-36 6 

Tri-o-anisylmethyl. 

95-100 

Phcnvl-o-biDhenvI-a-nanhlhvlmcthvl.... 

Deep red-brown 
Orange-red 

Red 

Deep violet 

90-100, 54' 

Diohenvl-p-biphcnylmet hvl. 

13—16 6 

Phenyldi-/>-biphcnylmct hyl. 

Tri-r>-binhcnvlmethvl.i 

18* 

100, 74 6 , 54 e 



a Except n» indicated, value* nrr In m Walden, “Chcmicdcr freien Radikole," Uir/cl, Leipzig (19241. 

* Recent values obtained by Barhmann and Ivluclzcl [J. Org. Chan., 2. 356 (1933)); tho value* lor 
diphcnyl-0-naplitli>lmcth)l and diphenyl-o-n .phthy ImcthyI are lower than thoso reported previously 
(30-35 ond 55-60 per cent, respectively). The lower values have been cheeked by Marvel and co- 
workers (unpublished results) by magnetic susceptibility measurements. 

* From magnetic susceptibility measurements at 30* by Marvel and cc*-workcrs (unpublished 
results). The value (or tri-^biphenylmcthyl obtained in a 0.0125 M solution. 

From the values in the tabic it is apparent that all the aryl groups, 
with the exception of the 9-fluoryl group, are more effective than phenyl 
groups in promoting dissociation. Di-(9-phenylfluoryl) is a relatively 
stable hydrocarbon; its solution is colorless at room temperature and 
contains appreciable amounts of free radicals only at higher tempera¬ 
tures. The l-phcnanthryl, a-naphthyl, and o- and p-anisyl groups are 
particularly effective in promoting dissociation. A few hexaarylethanes 
dissociate completely in 1-3 per cent solutions; included in this group is 
hexa-p-biphenylethane. 20 Paramagnetic measurements have indicated 

70 Schlcnk. Wcickcl. and Hcrzenstein. Ann., 372. 1 (1909). But see Bachmann and 
Kloetzel (note b of Table LI) and Marvel who were unable (o check this result. 
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that even the violet-colored solid hydrocarbon is the free tri-p-biphenyl- 
methyl radical.* 1 Similarly, it has been reported that tn-p-mtrophen\ 1- 
n-ethyl is a unimolecular free radical in the solid state. , hnnp= 

Paramagnetic measurements on a series of hexa-p-alkylphcnylethane 
(the same alkyl group was present on each phenyl group) ,n *|"f* ^ 
alkyl groups were methyl, ethyl, n-propyl, ^opropjl. •*£**'- and 
isobutyl indicated that these compounds dissociated to the e: f 

about 15-30 per cent in 0.1 molar solutions in benzene at 30 . Under 
practically the same conditions, the free radicals 

phenylmethyl and phcnyldi-p-cydohex:ylphettylmethy' forr^l U> 

the extent of about 10 per cent from the corresponding hexaarylethane 
tne extent 01 auou in a 0 01 molar solution of the hexaaryl- 

position nave a marked effect in increasing the dissociation of hexa- 

phenylethane. alkvl croups was obtained 

An interesting comparison of the effect ol aiKJ gi , , 

by determining the degree of dissociation of a senes of sym.-<h (alk I 

phenyl)-tctraphenylctbanes (about 0.1 molar '“’g.oup Thc arge 
which differed in the nature and position of the alkyl group. 1 He larger 

TABLE HI 

«im.-Dl-( ALKVLI , lir.NYl-)-TLTHAI*l!ENVl.eTllANE8 


Alkyl Group 

Dissociation, C c 

p-Meihyl 

5 

o-Mcibyl 

mO 

o |Q 

p-isopropyl 

A— IU 

8-9 

p-t,rt- butyl 


. ..fTi-etive than the methyl group in promoting 

groups are someul at mo, mu , h moll . effective in the ortho 

dissociation, and thonuth k itioll „ u . methyl group has an 

than in the para position, in 

—■» r >t 

> P-“lkyl|>henyl > 

phenyl > p-chlorophenyl > i 9-fluor> 

■> MOllcr. Maller-n U dlog. ^Bun^ r , An. 62 0 ^M5 C | 9M! ^ ^ 

« Marvel. Mueller. Himd. «•»*» J 
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Energies of Dissociation and Activation. The heat of dissociation 
of a hexaarylethane can be calculated from the change in the dissociation 
constant of the system R 3 C—CR 3 «=± 2R 3 C with variation in the tem¬ 
perature. The dissociation constants K\ and K 2 being knowm at two 
(absolute) temperatures T x and T 2 respectively, the heat of dissociation 
can be calculated from the equation 


// = R 


T,T 2 

Tz-Tx 


In 


Ki 

Kx 


where II represents the net increase in heat content of the system. 

From the values of the dissociation constants for hexaphenylethane 
in benzene (K X 10 4 = 2.6 at 13° C., 7.84 at 30° C., 18.8 at 43° C.), de¬ 
termined by measurements of the molecular extinction coefficients, 
Ziegler and Ewald 17 obtained a value of 11.8 keal. for the heat of disso¬ 
ciation. Practically the same value (10.5-12 keal.) was obtained in nine 
different solvents. Similar results were obtained from the values of the 
equilibrium constants calculated from colorimetric data 16 and magnetic 
susceptibility measurements. 23 By the substitution of six phenyl groups 
for the six hydrogen atoms of ethane, the carbon-carbon bond strength is 
reduced from about 70-80 keal. 24 to 11.8 keal., a decrease of about 10-11 
keal. for each phenyl group. 

The rate of dissociation of hexaphenylethane is rapid, although it 
appears slow in comparison with the speed with which the free radicals 
react. If a reaction is studied in which the reagent reacts practically 
instantly with triphenylm -thyl, then the speed of the over-all reaction 
will be a measure of the relatively slow dissociation process. Iodine, 
nitric oxide, and oxygen (in the presence of pyrogallol as an inhibitor of 
chain reactions involving the reaction of hexaphenylethane itself with 
the oxygen) have been employed.** 24 With these reagents practically 
the same rate, corresponding to a unimolecular reaction —log (1 — Z) 
= kt/ 2.3, where Z is the fraction of hexaphenylethane reacted in time t, 
and k is the specific reaction rate constant, was obtained. In chloroform 
at 0°, k was found to Ik? equal to 0.21. From this the “half-life” or 
period of half-change of hexaphenylethane can Ik? calculated to be 3.3 
minutes; that is, one-half of the hexaphenylethane dissociated in this 

Muller and MQllcr-RodlofT. /Inn.. 621. S9 (1935). 

14 Pauling, "Tho Nature of the Chemical Bond.” 2nd ed.. Cornell University Press. 
Ithaca. N. Y. (1910), gives a value 5S.G keal. for the aren*o f energy of the carbon-carbon 
liond; this vnluo docs not necessarily represent the heat of dissociation of etlmno into 
methyl radicnls. 

14 MithofT and Branch. J. Am. Chem. Soc.. 62. 255 (1930). 

*« Ziegler. Orth, and Weber. Ann.. 504. 131 (1933); Ziegler and Ewald. /Inn.. 504. 162 

(1933). 
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period when the radicals were removed as fast as they were formed. At 
10° in the same solvent the half-life was only 1 minute. 

From the rates of dissociation and their temperature coeffioenU the 
heat of activation of the dissociation process can be calculated. W hile 
thTeneS of dis.socia.ion is concerned only with the initial and final 
states and tells to what extent dissociation occurs, the energy of aetna- 

S„vlc the energy ■» ^ •>» J—.- 2 ™ C°) 

as to how fast the reaction proceeds. From the va h " ~ at ° C j 
and *,(0 72 at 10° C.) for hexaphenylcthanc in chloroform, the heat ol 

practically the same value for tin- heat about 

bSSS 

3r^nrr^r ; -S?=:5 

radicals. Why docs the subst. u «• '[ ^ am , shows no signs 

hydrogen atoms of ethane, ulnch t0 undcip0 dissociation at 

fflE&tK -Tency ££ radicaHo combine with another 

similar molecule. . , . fn 1072) of the 

Kharasch 27 considered that' 1 *dissociation. According 
groups were of paramount ,n,p “ r ‘“' ,‘ ivc groU , x , for the three hydro- 
to him - sul^l.tvit.on of ’ ' „ ; iM a displacement of the valence 

gen atoms of the methyl group ■ ' aU)m thus making the radical 
electrons away from the ccntn • ) , ha , two such weakly electro- 
weakly electronegative s .ablc compound. The greater the 

negative radicals should not f ,hc larger the degree of dis- 

electroncgal.vit.es of he-sub. * ^ ^ u a rough corrc- 

sociation of the ethane. W of a gr0 up and its effectiveness 

spondence between the t ‘‘' c r ° n ^“ ;m . some striking differences, 

in promoting dissociation, ^ a[)(| m -„ b{ of the groups 

According to another hjpo . ( ' f (hc steric hindrance offered by 

are especially responstble n atonuJ arc unable to approach 

the large groups the two ctnaw 

r 1 Chcm Soc.. 48. 3130 (1020); Kharasch and Flcnncr 
” Kharasch and Marker. J. Am. C hem. 
ibid., 64. 071 (1032). 
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each other closely enough to form a normal carbon-carbon bond. In 
order to account for the greater effectiveness of the phenyl group in 
comparison with the cyclohcxyl group in promoting dissociation, it was 
necessary to consider that unsaturation was essential. That unsatura- 
lion alone is not sufficient was indicated by Marvel’s work on ethanes 
containing the highly unsaturated ethynyl groups. Even hexa -(tert.- 
butylethynyl)-ethane in which bulky unsaturated groups are present 
exhibited no dissociation. 

At the present time it is perhaps generally considered that the dis¬ 
sociation of the hexaarylethanes is more or less adequately explained on 
the basis of resonance and steric hindrance. While most theories 
account for dissociation on the basis of a weakened carbon-carbon link¬ 
age, Pauling and Wheland* considered the strength of the bond in 
hexaarylethanes to be the same as that in ethane (70-80 keal.). Accord¬ 
ing to them, dissociation is due not to the weakness of the ethane linkage 
but to the stabilization of the free radicals as a result of resonance. In 
the triphenylmethyl radical there are more possibilities for resonance 
than exist for the triphenylmethyl group in the hexaphenylethane, for in 
addition to having the resonance of the group the radical can resonate 
among nine additional structures in which the unpaired electron is upon 
the ortho and para positions of the benzene rings (p. 1980). Resonance 
among these structures increases the resonance energy of the system 
(resulting in a lower energy content of the resultant hybrid structure), 
and this increase compensates for the energy required to break the car¬ 
bon-carbon bond. With p-biphenyl or a-naphthyl groups attached to 
the central carbon atom the number of resonance possibilities is in¬ 
creased, and with a sufficient number of these groups present the extra 
resonance energy may amount to the energy of the carbon-carbon 
linkage. 

Although the results of the calculations of the resonance effect are 
qualitative in nature, partly perhaps because of certain assumptions that 
must be made, such as a planar molecule, it is significant that the calcu¬ 
lated values are of the right order of magnitude. Moreover, the calcu¬ 
lations give the right order for the relative effectiveness of various groups 
in promoting dissociation, namely, a-naphthyl > p-biphenyl > 0- 
naphthyl > phenyl. From similar considerations, Ingold 29 has predicted 
the following order for the groups in promoting radical stability: 9- 
phenantliryl > a-anthryl > a-naphthyl > /3-naphthyl > p-biphenyl > 
m-biphenyl > phenyl. From the standpoint of testing Ingold’s predic¬ 
tion in regard to the 9-phenanthryl group, it was unfortunate that the 

Pnuling ond Whclond, J. Chcm. Physics, 1. 362 (1933). See also Hftckel, Z. Phyaik, 
83. 632 (1933); Ingold. Ann. Rcpts. Chon. Soc.. 25. 152 (1928). 
c * Ingold. Trans. Faraday Soc.. 30, 52 (1934). 
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free radical 9 -phenanthryldiphenylmethyl decomposed too rapidly to 
allow measurement to be made on it. 30 

From a study of the heats of oxidation and hydrogenation of tri- 
phenylmethyl, Bent 31 has concluded that the bond in hexaphenylethane 
is weaker than that in ethane by about 30 kcal., and he attributes the 
weakening effect to steric hindrance. As will be mentioned later, 
certain alkyl groups when attached to the central carbon atom are 
effective in promoting radical stability; thus, the fcrf.-butyl group Is as 
effective in this respect as the phenyl group. This may be explained in 
terms of a steric effect or on the basis of resonance in the alkyl group as 
Wheland 32 has done. The latter explanation might be used to explain 
the effect of para-substituted alkyl groups in promoting radical stability 
but would be inadequate to account for the much greater effect of the 
alkyl groups when situated in the ortho positions. 22 In the latter case the 
steric effect is probably predominant. 

Further investigations are desirable in order to determine the exact 
contribution made by resonance and by steric effects in promoting the 
dissociation of hexaarylethanes and to determine whether some other 
factor in addition to these is operative. 

Preparation of the Free Radicals. More than a hundred compounds 
have been prepared, many only in solution, which dissociate into tri- 
arylmcthyl radicals. Most of the compounds that have been isolated are 
colorless, or nearly so, in the solid state, and it is generally assumed that 
the solid compound is the hexaarylethane. A few free radicals them¬ 
selves, notably tri-p-biphenylmethyl, phcnyl-a-naphthyl-p-biphenyl- 
mcthyl, and tri-p-nitrophenylmethyl, have been isolated in the form of 
colored crystals. 

Three general methods have been employed to prepare solutions 
containing the triarylincthyls from which the hexaarylethane may be 
isolated: (1) by reaction of a triarylchloromethane with a metal; (2) by 
reduction of a triarylmethyl salt; (3) by abstraction of the metallic atom 
from the salts R 3 CK. 

1 The classical method of Gomberg. which is most frequently used, 
consists in abstracting the halogen from a triarylmethyl halide, usually 
the chloride. The triarylcarbinol can be prepared generally from a 
ketone and a Grignard reagent or from an ester and two moles of a 
Grignard reagent. The triarylchloromethane is formed by reaction of 
the triarylcarbinol with acetyl chloride or with dry hydrogen chloride. 
In this manner triarylchloromctlianes containing substituted phenyl 
groups and different aryl groups can be prepared. 

*° Bachmann and Kloctzd. J. Onj. Chen,.. 2. 350 (1937). 

»» Bent and Cutlibertson. J. Am. Chrm. Soc.. 68. 170 (1930). 

” Wheland. J. Chrm. Phy.. 2. 474 (1934). 
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A benzene solution of the triarylchloromethane is shaken with 
mercury or “molecular” silver (prepared by electrolytic precipitation of 
the metal from silver chloride) at room temperature for several days.® 
Other metals such as zinc, copper (with heating), and sodium have been 
employed, the last also in liquid ammonia” By concentrating the fil¬ 
tered, colored solution the hexaarylethane is obtained. Generally speak¬ 
ing, the essential conditions for the reaction are exclusion of all moisture 
in order to prevent hydrolysis of the halide, absence of oxygen, exclusion 
of acids, and protection from light. The reasons for these precautions 
will be clear from a study of the chemical properties of the triarylmethyls. 

2. It is generally considered that the intense colors of solutions of 
triarylcarbinols in alcohol or acetic acid containing a mineral acid are due 
to the formation of ionizable halochromic salts, R 3 COH + HX —* 
(R 3 C) + -f X - + H 2 0. The neutral free radical can be produced from 
the ion by means of certain soluble reducing agents as vanadous chloride 
and titanous chloride just as metals may be precipitated from solutions 
of their salts by suitable reducing agents. 

(R,C) + + V++ — R,C + V+++ 

As a rule the hexaarylethane precipitates out of the solution as it is 
formed by association of the free radical. By this reaction Conant and 
co-workers 36 • 38 have isolated certain hexaarylethanes, such as those 
containing dimethylamino groups, which are difficult or impossible to 
prepare by other methods. 

3. The third method is generally employed when the chloride is not 
obtainable and has found its chief application in the preparation of free 
radicals other than the triarylmethyls. In this method the methyl ether 
of the carbinol is cleaved by metallic potassium to give the organopotas- 
sium derivative from which the potassium is abstracted by means of 
tetramethylcthylene bromide 37 (ethylene dibromide tends to split off 
hydrogen bromide). 

R 3 COCII 3 + 2K -> R 3 CK + KOCH, 

2R,CK + (C11 3 ) 2 C BrCBr(C H 3 ) 2 — R 3 CCR 3 + (CH 3 )*C=C(CH,), + 2KBr 

Chemical Properties. The triarylmethyls in solution differ widely in 
stability, the least stable being those with OH, OCH 3 , N0 2l and N(CH 3 ) 2 
groups. Some radicals retain their unsaturated character for months, 

33 Gombcrg and Schoepfle. J. Am. Chcm. Soc.. 39. 1652 (1917). 

*« Kraus and Kawamurn. ibid.. 45. 2756 (1923). 

35 Conant and Sloan, ibid., 47. 572 (1925); Conant. Small, and Taylor, ibid., 47. 1959 
(1925). 

34 Conant and Bigelow, ibid., 53. 676 (1931). 

37 Ziegler and SchncU. ^Inn.. 437. 227 (1924). 
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others for only a few hour*, and some decompose spontaneously in a few 
minutes. This instability makes it extremely difficult to work with 

certain free radicals. ... 

For the most part the products of the decomposition of the radicals 

are not known, but sometimes it has been possible to determine the 
nature of the reactions that take place from the products which have 
been isolated. Polymerization, reduction, and oxidation are some of the 
reactions that take place, often spontaneously. Certain of these reac¬ 
tions are hastened or initiated by light, heat, or acids. Thermal decompo¬ 
sition of triphenylmethyl in boiling xylene yields highly colored un- 
crystallizablc oils as the chief product in addition to a small amount of 

and Irre.rs.Ve D^on. One of the char¬ 
acteristic reactions undergone by all free radicals ,s disproportionaUon 
in which one molecule of the radical becomes reduced at the expense of 
another molecule which becomes oxidized. This reac ion «-hthetn- 
arylmcthyls is promoted especially by light. If a solution of tripl et, 1- 
methyl is exposed to sunlight, the yellow color of the solution gradual!, 
fades as disproportionation takes place. 





The products are triphenylmc.hanc and 9 -phenylf.uoryl (which at room 
temperature associates completely to the hoxaarylethane) 

Tri-p-toly lmetby 1 rapidly disproportionate* to yield a mixture of tn- 
p-tolylmethane and a quinoid compound winch undergoes polymer,za- 


tion. M 

2CH -G- c (-0- c "‘)r 

ch - 0 _ c (' 0 ^ ch -), 




u 


Marvel. Rieser. and Mueller. 7- da.. C*e,a. See.. 61. Z700 <10*,,. 
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This reaction appears to be characteristic of hexaarylethanes containing 
a para-substituted alkyl group which has a hydrogen atom on the a 
carbon atom. 

Another characteristic reaction of triarylmethyl radicals is the irre¬ 
versible dimerization to an isomer of the hexaarylethane; with triphenyl- 
methyl the product is p-benzohydryltetraphenylmethane. 

2(C«H»)aC — (C,H,),CH—^~y-C(C,H t ), 

This reaction takes place especially in the presence of mineral acids, 
even traces of the acid sufficing to produce the change. Treatment of a 
benzene solution of triphenylmethyl with dry hydrogen chloride or even 
shaking the solution with an aqueous concentrated solution of hydro¬ 
chloric acid converts the radical to the dimer. To a slight extent the 
triphenylmethyl is converted to a mixture of equal parts of triphenyl- 
methanc and triphenylchloromethane. 

2(C«H*),C + HC1 -* (C.H,),CH + (C 6 H 6 ) 3 CCl 

This type of reaction is the principal one occurring with some radicals, 
for example diphenyl-a-naphthylmethyl. 

Addition Reactions. One of the most remarkable properties of the 
triarylmethyl radicals is the rapid absorption of atmospheric oxygen to 
form colorless triarylmethyl peroxides. 39 

2(C«ll6)aC + 0 2 — (C.IU),COOC(C.H*), 

If the solution of the free radical is shaken with excess of oxygen, the 
absorption of oxygen is complete in a minute or two at room tempera¬ 
ture. Since the volume of oxygon that is absorbed corresponds roughly 
to the amount demanded by the equation, the reaction has been used to 
determine the purity of a given sample of triarylmethyl. The peroxides 
are usually crystalline compounds that can be isolated from the reaction 
mixture. Even when the free radical decomposes rapidly, the peroxides 
can often be obtained; invariably this can be done by shaking the tri- 
arylmcthyl halide with silver in the presence of oxygen. The reaction 
with oxygen serves as a convenient test for triarylmethyl radicals. 

Another striking reaction of triarylmethyls is the combination with 
iodine at room temperature. The iodine adds to the carbon atom and a 
triarylmethyl iodide is formed. 

2(C«H 6 ) a C + I 2 «=? 2(C«H 5 ) 3 CI 

J * Gomberg and Cone. Btr.. 37. 353S (1904*. 
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The reaction is reversible, and the equilibrium that is reached vanes 
with the particular compound, but usually corresponds to 60-80 per 
cent formation of the triarylmethyl iodide in 2-3 per cent solutions. 

Triphcnylmcthyl is reduced by hydrogen although not rapidly , in 
the presence of platinum black, hydrogen is absorbed and tnphenyl- 
methane is formed. The same product results when the radical is treated 
with zinc and acetic acid. 

2(C e H*),C + H-(Pt) — 2(C§H*)*CH 

Triphenylmethyl is capable of abstracting hydrogen atoms from phenyl- 
hydrazine, phenol, and hydrazobenzenc. 

2(C.H.bC + C.HsN'HNH- - (C,H s bCH + C.H,XHNHC(C.H»), 
2(C«Ht)>C + C.H.OH - (C.H»),CH + (C.H.),C-^^-OH 

ZfC.HOiC + C.mNHNHC.H. - 2(C.1U).CH + C,Hjs T -NC«Hi 

Sodium, in the form of sodium powder or amalgam, adds to tri¬ 
phenylmethyl in ether-benzene or in liquid ammonia and gm-s the 
intensely red triphenylmcthylsodium 

(C«!U) a C + Na — (CeHfc)aCNa 

The Grignard reagent triphenylmethylmagnesium bromide can be 
obtained in^quantitarive yield by loaction of triphcniylmethy. with a 
mixture of magnesium and magnesium bromide ... anhydrous ether and 

benzene* + Mr + MgBr , - 2(C.H t)j CMgBr 

Two molecules of triphenylmethyl add to one of quinonc and form 
the ditriphenylmcthyl ether of hydroqmnone. 


2(CeIU)3C + 



o 


O 


Similar to this reaction Ls the addition of triphenylmethyl to un¬ 
saturated hydrocarbons and related compounds.*- With tsoprene, fo. 

40 Gombcrg and Bachmann. J. Am. Chcm. Soe.. **. 2455 (1930i. 

41 Conant and Schcrp. ibid.. 63. 1941 (1931). 
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example, 1,4-addition of the free radical takes place and 1,1,1,6,6,6- 
hexaphenyl-3-methylhexene-3 is formed. 

2(C6H&)jC + CH2=C—CH=CH 2 —* 

ch 3 

(C«H 6 ) 3 C—CH*—C=CH—CHj—C(C«H 6 ) 3 
ch 3 

With maleic acid ditriphenylmethylsuceinic acid is produced. 

CHCO*H (C 6 H s ) 3 C—CHC0 2 H 

2(C*H 6 ) 3 C +|| — | 

CHCOjH (CeH 6 ) 3 C—CHCOjH 

Nitric oxide is absorbed by triphenylmethyl; the initial product is 
nitrosotriphenylmethane, (C 6 H 5 ) 3 CNO, which undergoes further reac¬ 
tion to undetermined products. Nitrogen dioxide is likewise absorbed by 
the free radical; the products are triphenylnitromethane and triphenyl¬ 
methyl nitrite. Sulfur adds to triphenylmethyl, and polysulfides are 
formed. 

The triarylmethyls exhibit a pronounced tendency to form molecular 
addition complexes with a variety of liquids. Addition complexes have 
been obtained from triphenylmethyl and aldehydes, ketones, esters, 
nitriles, chloroform, ethers, benzene, and even saturated hydrocarbons 
as heptane, decane, and cyclohexane.* 2 The addition compounds usually 
lose the solvent at 50-100°, but some arc remarkably stable. 

Because of the extraordinary tendency to undergo addition reactions, 
triphenylmethyl has found application as a reagent for the detection of 
other free radicals, and to “capture” short-lived free radicals which are 
formed as intermediates in certain chemical reactions. 

Reactions with Triarylmelhyl Halides and Inorganic Salts. The tri¬ 
arylmethyls possess a number of properties which find their counterpart 
in the behavior of metals. Just as one metal can displace another from 
its salt, so can one triarylincthyl displace another from its triaryl methyl 
halide. Thus, addition of a yellow solution of triphenylmethyl to a 
colorless solution of phcnyl-p-biphenyl-a-naphthylchloromethane evokes 
the deep brown color of phcnyl-p-biphenyl-a-naphthylmethyl. 43 The 
following reaction proceeds until equilibrium is attained: 

Cellss^ C fl H 6N ^ 

(Ctlh)zC + p-C 6 lUC 6 II 4 -CCl ^ (<C.H 6 ),CC1 + p-C 6 HsC 6 H 4 —C 

Q-C 10 H 7 / a-C 10 H 7 / 

4J Gomliore. ibid., 36. 11-14 (1914); Chcm. Rev.. 1. 91 (1924); 2. 310 (1925). 

43 Sohlenk and Hereenstoin, Ann.. 394. 199 (1912). 
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Like metals, the triarylmcthyls are capable of reducing certain inorganic- 
salts. 44 Silver perchlorate and other silver salts are reduced by triphenyl- 
methyl to metallic silver. 

(C ( H»)»C + AgCIO* *=* (C«H*)jCC10« + Ag 

Similarly, mercury, platinic, and auric sails are reduced to the corre¬ 
sponding metal by the free radical. Ferric chloride is reduced to ferrous 

chloride. . 

(C*H S ) 3 C + FeCL ^ (C«H0 jCC 1 + FcCIa 

The reverse of this type of reaction, namely, the reduction of the triaryl- 
methyl salt to the free radical, has already been discussed as a method ol 
preparing the radicals. Conant and co-workers found that a mixture 
of a radical and its halochromic salt possesses a definite potential analo¬ 
gous to that of a metal in contact with a solution of its salt. They deter¬ 
mined the single-elect rode potentials of several radicals at varying con¬ 
centrations of hydrogen ion. . , .... 

Solutions of triaryl methyl halides in liquid sulfur dioxide are good 
conductors of the electric current; the carriers appear to be the tnaryl- 
mcthyl cation and the chloride ion which are produced by ionization of 
the halide, R 3 CC1 ^ (R 3 C) + + Cl". On electrolysis oFthe solution the 
electrically neutral radical is formed at the cathode. Solution* of the 
free radicals in sulfur dioxide also conduct the current, a remarkable 
property for a hydrocarbon; no conduction is observed in benzene or m 
nitrobenzene. The ti iphenyl.nethy! radical gives up its unpaired electron 
to the sulfur dioxide, and triphenyl.nethyl cations are formed a process 
analogous to that which takes place when sod.um is dissolved in liquid 
Ammonia. 

(C«!D)C ;=s (C«1I*)*C* + « 

The cation and the solvated electron, and not tin- free radical, are the true 
conductors. The absorption curve for a solution of tnpl.envlmethyl ... 
sulfur dioxide is similar to that for a solution of tr.phonylmc.hyl bromide 
in the same solvent, and in dilute solutions the amount of In phenyl- 
methyl cation is the same from both sources, rad.cal and hal.de. The 
absorption curve for Iriphenylmctbyl in ether ... winch the rad.cal is not 
ionized, is different from the curves obtained for the tr.phenylmctl.yl 

cation. . . » * • • 

The free radicals may be chararter.zed as amphoteric ... nature mas- 
much as the triarylcarbinols R 3 COH exhibit basel.ke properties m them 
ability to form ionizable halochromic salts w.th mineral acids and the 

44 Gomber* und Gomrath. unpublished results. 

44 Anderson. J. Am. Chcm. Soc.. 67. 1073 {1935). 
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corresponding hydrides R 3 CH are weakly acidic, forming sodium deriva¬ 
tives R 3 CNa, which yield triarylmethyl anions. 

Biradicals 

A number of compounds known as biradicals have been prepared 
which appear to contain two carbon atoms each linked to only three 
groups. A quinoid structure has been assigned to the intensely colored 
hydrocarbons of the type of p,p'-phenylenebis(diphenylmethyl) (I) be¬ 
cause of the relative stability of solutions of the hydrocarbons to oxygen. 
Irradiated solutions, however, lose their color in the presence of oxygen, 
and it has been suggested that the biradical is formed under the influ¬ 
ence of light. 44 Although some have considered that the violet-colored 
solid p,p'-biphenylcnebis(diphenylmethyl) (II), which in solution rapidly 



absorbs oxygen, exists entirely in the biradical form, measurements of its 
paramagnetic susceptibility have shown that the compound is practically 
entirely (at least 99 per cent) in the quinoid form. In general it appears 
that the quinoid rather than the biradical structure is assumed whenever 
the former state is possible. In order to prevent the formation of the 
quinoid form Muller and Neuhoff 47 and Theilacker and Ozegowski 48 
introduced large groups into the ortho positions of the biphenyl ring; 
since the coplanar structure is not possible, the quinoid form cannot be 
taken. As a result the compounds which they prepared exist in part as 
the biradicals III and IV. 


Cl Cl 



CPh. 


CII 3 


Ph*C 



CPh 2 


In the meta derivative (V), in which quinoidation is not possible, 
about 6 per cent of the biradical is present in a benzene solution at 74°. 

11 Schonlwrg, Trans. Faraday Soc.. 32. 514 (193G). 

17 Muller and Neuhoff. Her., 72. 20G3 (1939). 

4r Theilackcr and Ozegowski. Bcr.. 73. 33. S9S (1940). 
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The corresponding ortho compound, 9,9,10,10-tetraphenyldihydrophe- 
nanthrene (VI), shows no signs of dissociation. 



Wittig and Leo 49 have prepared 1 , 1 , 2 , 2 -tetraphenylcyclopropane 
(VII) in order to determine whether the ring strain would aid in ruptur¬ 
ing the bond between the two carbon atoms holding the aryl groups. 1 he 
compound, however, proved to be colorless and stable. They have also 
prepared compounds of the type 


(CeHfc)sC 


- 0 — 0 - 


C(C«Ht)i 


where n = 1, 2, 3. and 4. Intramolecular union of the two terminal 
valences is not possible when n is 1 or 2, and the biradicaLs that are 
formed show a broad absorption band like that of tn-p-biphenylmethyl. 
When n is 3 or 4, union of the valences is possible and the absorption 
band of the biradicaLs resembles that of triphenylmcthyl. 

The interesting red hydrocarbon 5.6,11,12-tetraphenylnaphthaccne 
(VIII) of Mourcu and Dufraissc - absorbs oxygen when irradiated and 
it has been assumed that the light energy transforms the ordinary orm 
of the molecule into the biradical (possibly IX), but this has not been 



confirmed by magnetic measurements.- Similarly 2,3,6 7-dibenzantl.ra- 
cene, a violet-colored hydrocarbon, exists completely ... the qu.no.d orm 
(X) both in solution and in the solid state contrary to the view of Clar, 
who believed it to be entirely in the biradical form. 


^ M 0 ™ < tM3,; . review el the che,„i.,ry 

or I M ru~ n D U D i:" f venu“: e ver,s' SOI. 1304 (1935.; AUen end Gil. 

J. Am. Chrm. Soe.. 58. 937 (1930). 

#l Mailer and MOller-Rodloff. Ann.. 617. 134 (1936). 

" Clar. Dtr.. 65. 503 (1932). 
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C«Hb 



When a solution of 9,10-diphenylanthracene is heated a color devel¬ 
ops, which fades when the solution is cooled. Ingold and Marshall 63 
ascribed the color to the biradical XI, but Dufraissc and Houpillart M 
believe that the color arises simply from a general modification of the 
light absorption by 9,10-diphenylanthracene with increased temperature. 


Diary lmethyls 

sym.-Tetraarylethanes. The successful demonstration that com¬ 
pounds can be prepared in which a carbon atom is linked to only three 
groups naturally encouraged investigation to determine whether the 
three groups needed to be aryl groups. The two tetraphenylethanes can 
be distilled (b. p. 280°) without decomposition, and no evidence of dis¬ 
sociation has been detected in sym.-tctra-p-biphenylethane. In har¬ 
mony with these results is the fact that one cannot prepare a solution 
containing appreciable amounts of diphenylmethyl radicals, (CeHg^CH. 
As will be shown in a later section, there is evidence that diphenylmethyl 
radicals are formed by reaction of diphenylbromomethane with silver, 
but these rapidly associate completely to form sym.-tetraphenylethane. 
Recently Nauta and Wuis w reported that the violet-red solution which 
is formed by the action of silver on dimesitylbromomethane in benzene 
probably contains the free dimesitylmethyl radical, but further evidence 
is required before this view can be accepted. 

In the tetraarylethancs and other compounds that will be met with 
later we encounter what might be termed borderline cases in which it 
is sometimes difficult to distinguish whether a slight dissociation occurs 
or whether the compounds simply possess a weakened ethane linkage. 
Thus, bixanthyl (XII) does not appear to dissociate into free xanthyl 


O CII—HC O 


/C.H\ 

O CHBr 

N:,h/ 


•» Ingold and Marshall. J. Chcm. So c.. 3080 (1926). 
i4 Dufraissc and Houpillart, Hull. aoc. chim., (5) 6. 1G28 (1938). 
14 Nauta and Wuw, Rrc. tra c. chim., 57. 41 (193S). 
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radicals, yet the compound reacts with bromine to give two molecules 
of xanthyl bromide (XIII), and a solution of bixanthvl absorbs oxygen 
at 150° and gives xanthone. That the ethane linkage in the two tetra- 
phenylethancs is weakened by the four aryl groups is shown by the 
cleavage of the bond by metallic potassium at room temperature. 

(C,H,)«CHCH(C.H,), + 2K — 2(C,1U) S CHK 

Pentaarylethanes. The pcntaarylethanes are colorless solids which 
give colorless solutions at room temperature.* The solutions are rela¬ 
tively stable to air at room temperature, but at 100* oxygen is absorbed 
rapidly to give the unsymmetrical triarylmcthyldiarylmetl.ylpcroxido 
R3COOCHR- as the chief product in addition to a small amount of 
triarylmethylperoxide. From a study of the rate of oxygen absorption 
at 80-100° it was established that pentaphenylcthane m solution under¬ 
goes reversible dissociation into triphcnylmcthyl and diphenylmethyl 

radicaLs.” (CjHi)jC _ CH(Ctlu)l - (C.ID.C + CIRC.H.). 

The rate-controlling step was found to lx- a unimolecular reaction in 
agreement with that demanded by the dissociation process. The degree 
of dissociation is extremely slight, as is evident from the fact that a 
solution of pentaphenylcthane in ,«hcl.lorobcn*cnc is color ess even at 
95°, yet dissociation at this temperature is rapid, the half-life being 
9 minutes, as measured by the rate of reaction with oxygen and with 
iodine At 100° the half-life of peutaphenylethaue is approximately the 
same as that of hcxaphcnylethanc at 0° in toluene, namely, about 5 min¬ 
utes. The heat of activation of the dissociation process was found to be 
about 28 keal., which is about 8-9 keal. higher than that of hoxaphenyl- 

Cth Thc behavior of solutions of the pentaarylethanes can lre readily 
interpreted in terms of the reversible dissociation of the 1-ydroca bons 
into free radicals. When a solution of a pentaarylethane is heated a 
temperature is reached at which the color of the triarylmethyl radical 
appears; this radical becomes visible when a sufficient number of the 
diarylmethyl radicals have been removed rom the ei.uihbrium (by 
irreversible association to sjpn.-tetranryle lane)- 1 
removed when the solution is cooled but can be discharged by oxygen 
or iodine. The temperature (70-105° for most of them) at «hieh the 
color appears varies with the groups present in the pentaarylethane. 

: s&itsatisss “s,,™.,,«—- 

5. 20 (1040). 
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The groups that especially promote dissociation of hexaarylethanes, 
a-naphthyl, p-biphenyl, and p-anisyl, have a similar effect in the penta- 
arylethanes. Continued heating at 150-200°, at which temperature the 
triarylmethyl radicals are decomposed, leads to complete decomposition 
of the pentaarylethane with formation of large amounts of the sym.- 
tetraarylethane. The rapid reaction of pentaphenylethane with bromine 
at 100° to give triphenylbromomethane and diphenylbromomethane and 
the reduction of pentaarylethanes by phosphorus and hydrogen iodide 
in acetic acid (118°) to triarylmethanes and diarylmethanes are readily 
explained on the basis of the intermediate formation of the free radicals. 

The pentaarylethanes are easily obtainable through reaction of a 
diarylmethyl halide and a triarylmethylsodium or in some cases a tri- 
arylmethylmagnesium bromide. 

(Cell^CXa + BrCH(C«H*) 2 -► (CJI 6 ) a C--CH(C«H 6 ) 2 + NaBr 

An interesting synthesis of pentaphenylethane involving the “capture” 
of diphenylmethyl radicals by triphonylmethyl radicals is described in 
the discussion of mechanisms of reactions. 

Diarylalkylmethyls 

sym.-Tetraaryldialkylethanes. Substitution of two alkyl groups for 
the two hydrogen atoms of yym.-tetra phony let ha ne weakens the ethane 
bond to such an extent that the compounds are thermally unstable and 
may dissociate. sym.-Tetraphenyldimethylethane and .vym.-tetraphenyl- 
dicthylethane decompose spontaneously in solution, the latter hydrocar¬ 
bon more easily than the former. In this decomposition *f/m.-tctraphenyl- 
dimethylethanc gives 1,1-diphcnylethane and 1,1-diphenylethylene, and 
one may suppose that radicals are formed which quicklj r undergo dispro¬ 
portionation. 

(C eH 6 ) 2 C—CII 3 (C*H*)tC—CHa (C«IU) 2 CHCH 3 

(CeH»)aC—CH* (C«H 4 ) 2 C—CH 3 (C 6 Il6) 2 C=CH 2 

The sym.-tetraaryldialkylcthanes were prepared from the methyl ethers 
of the diarylalkylcarbinols by method 3 described under the preparation 
of triarylmethyls (p. 595). This method was employed because the 
diarylalkylchloromcthanes are unstable and lose hydrogen chloride to 
yield olefins. 

Secondary and tertiary alkyl groups have a greater influence than 
primary groups in weakening the ethane linkage. Thus, sym.-tetra- 
phenyldicyclohexylethane (XIV) in solution absorbs oxygen and gives a 
peroxide, as does sym .-d i phe ny 1 1 et ra cy clohexy let ha ne, although no evi- 
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dencc of dissociation of the latter hydrocarbon has been obtained by 
physical methods. sym.-TetraphenyMi-teW.-butylethane (XV) appears 
to dissociate into radicaLs when its solution is heated above oO , and 
sum.-tetra-p-biphenyl-di-ferf.-butylethanc is 74 per cent dislocated in 
dilute solution into orange-red di-p-biphenyl-terf.-butylmethyl radicals 
(XVI).“ 


(C,H 6 ) 2 C—C«H„ 

I 

(CefcUJaC—C«Hn 

XIV 


(C*H6)sC—C(CH 3 )a />-C«H6C«H 4 


(C *H ») jC—C (C H 3 ) a 

xv 


p-CelUC 


I> 


—C(CHa)a 


XVI 


Pentaarylethyls. The tertiary triphenylmethyl group seems to be 
more effective than any aryl group in promoting dissociation Schlenk 
and Mark » have reported that the yellow pentaphenylethyl (XV II) and 
the violet (MtriphenylmcthyD-fluory! (XVIII) are unimolecular free 


—C(CVU)a 


XVII 


Cell/ 



radicals both in solution and in the solid state. The preparation of 
pentaphenylethyl was carried out in the following manner. 

(CelUhCCh + 2(C«lU)aCNu -* (CelI»)*CC(Cem)a + 2N.iCI + (C 


Tetraarylallyls. The unsaturated 0, fi - diphenyl vinyl group 
((’ H ). ( «=CH— is especially effective in promoting dissociation. Free 
radicals have been prepared in which the phenyl groups of triphenyl- 
mctliyl have Ixx-i. replaced by one. two. and three of these unsaturated 
croups Even 1 , 1 , 3 , 3 -tetraphenylallyl (XIX). which contains only one 
0 ,/ 3 -diphcnyl vinyl group, is present to the extent of 80 per cent ... 
equilibrium with the bimoleeular form in a 2 per cent benzene solution 
at 5° and l,l-di-p-anisyl- 3 , 3 -diphcnylallyl (XX) is completely unasso- 


(C.HsJjC—CH=C(C«H »)j (p-CHjOCsHdjC—CU=C(C«H») 2 

XIX xx 


ciated under the same conditions. Phenyldi-(^,/3-di-phenyh'inyl)-methyl 

m Conunt and ScbulU. J. Am. them. Sot.. 65. 2098 (1933). 

‘•Schlenk and Mark. Iter.. 65. 2285 (1922). 

40 ZicRlcr. Ann.. 434. 34 (1023); WiUig and Obcrmunn. Brr.. 68. 2214 (1935>; W itdg 
and Kosnck, Ann.. 629, 1G7 (1937). 
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(XXI) and tri-(0,/3-diphenylvinyl)-methyl (XXII) (which forms black 
crystals) likewise appear to be unimolecular free radicals. 

C„HsC—CH=C(C 6 H 6 ) 2 (C fl H 6 ) 2 C=CH—C—CH=C(C fl H 6 ) 2 

I I 

CH=C(C«H s ) 2 CH=C(C 6 H 6 ) 2 

XXI XXII 

(CJI 6 ) 2 C=CH—CH—CH=C(C«H 6 ) 2 
xxiii 


The radical di-(0,0-diphenylvinyl)-methyl (XXIII) has only two of the 
unsaturated groups in addition to a hydrogen atom attached to the cen¬ 
tral carbon atom. In these compounds the unpaired electron can shift 
to a number of different carbon atoms other than those in the ring. 
Attempts to prepare hexa-0-styrylethane and di-/3-styryltetraphenyl- 
ethane were unsuccessful; only stable Isomeric hydrocarbons were ob¬ 
tained, presumably through rearrangement. 61 

Kohler 62 was actually the first to observe the influence of the substi¬ 
tuted vinyl group on radical formation. By removing the halogen atom 
from 1,2,3-triphenylindyl bromide by means of a metal he obtained the 
1,2,3-triphenylindyl radical (XXIV). Closely related are 2,3,4-triphenyl- 
chromcnyl (XXV) and pentaphcnylcyclopcntadienyl (XXVI) prepared 
by Ziegler. The last-mentioned radical, which has a beautifully sym¬ 
metrical structure, does not associate to the bimolecular form. 63 

O 

c/ C-C.H, 

I 

C.H. 

XXIV XXV XXVI 




9,9'-Dialkylbixanthyls. Conant 61 has summarized the effectiveness 
of various groups R in promoting dissociation in the substituted bi- 


O 




C—C 




Nw/A IjV.ii/ 


O 5=i 20 C— R 

N?.h/ 


xanthyl molecule by placing them in three classes as follows. 

81 Marvel, Mueller, and Pcppel, J. Am. Chem. Soc., 60. 410 (1938). 

8J Kohler, Am. Chem. J.. 40. 217 (190$). 

81 Muller and Muller-Itodloff. Bcr., 69. 6G5 (1936). 

84 Conant. Small, and Sloan, J. Am. Chem. Soc., 48. 1743 (1920). 
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Class I: cyclohexyl, isopropyl, sec.-butyl. 

Class II: benzyl, 7 >-chlorobcnzyl, pri .-isobutyl, a-naphthylmethyl. 
Class III: methyl, ethyl, n-butyl, "-hexyl, isoamyl, phenylethyl. 


The substituted bixanthyls which contain groups from Class I as 
R give highly colored solutions at 25°; the colors become deeper when 
the solutions are wanned and fainter at low temperatures. The sub¬ 
stances are unstable, and at temperatures above 60-/0 the colors of the 
solutions disappear rapidly, probably through disproportionation of the 
free radicals. Solutions of the compounds absorb oxygen almost instanth 
at room temperature and usually give crystalline peroxides. 

Solutions of bixanthyls containing groups of Class II become colored 
only when warmed to 80-100°. Even the colorless solutions absorb oxy¬ 
gen very rapidly at room temperature. . 

The primary groups (Class III) are least effective in weakening the 
ethane linkage; solutions of bixanthyls containing these groups become 
colored only when heated to about 140°. All these compounds absorb 
oxygen very slowly at room temperature. It has been shown that even 
in the colorless solution there exists a slight dissociation u.to alkylxanthyl 

radicals ^ 

Conant “ has evaluated the effect of various alkyl and aryl groups in 
decreasing the heat of dissociation of the ethane linkage. The decrease 
in kilocalories caused by the replacement of a single hydrogen of ethane 
was calculated to be; methyl, ethyl, 5; ..-butyl, 6; benay 7; biphenyl- 
ene/2, 9; isopropyl, fcrf.-butyl, phenyl, 11; xanth\L2, 11.5, p-am>. , 
0 -naphthyl, 12: o-naphthyl, 13. 

Bent« has studied the addition of sodium to free radicals containing 
carbon linked to three groups, R + Na - R + N:l • When the 
organosodium compound is shaken with mercury the reaction partially 
reverses, and from the equilibrium data the-tec energy change <p. 1.94 
of the reaction was obtained. It was found that the electron alhn. y of 
the free radicals was nearly the same ( 16-20 keal.) for a 1 of them. 
From the value of the free energy Bent calculated the heat of dissociation 
of dibenzylbixanthyl and diphenylbixantbyl to be 10-17 keal., in agree¬ 
ment with the values obtained by Conant. 

A rough comparison of the relative reactivity of certain subst.tu ed 
ethanes can be obtained by the use of liquid sodium-potassium alloy 
(2 : 5) and the liquid 40 per cent and 1 per cent sodium amalgams as is 
shown in Table IV. 


• J Conant and Evans, ibid.. 61. 19*25 (1929). 
M Conant, J. Chcm. Phy,.. 1. 427 (1933). 

« Bent, J. Am. Chnn. Soc.. 63. 1786 (1931); 


Bent and Ebers, ibid.. 67. 1242 (1936). 
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TABLE IV 

Cleavage op Substituted Ethanes by Alkali Metals 


Substance 

Na-K 

Na-Hg 

40% 

Hexanhenvlethane... 

+ 

+ 

Di-nri -alk vlbixanthvla. 

+ 

+ 

+ 

Bixanthvl... 


Tetraphenvlethane. 

+ 

... 

Bibenzyl. 

+ 

_ 





Na-Hg 

1 % 


A plua sign indicates appreciable cleavage in 5 minutes. 


Aryl-(alkylethynyl)-ethanes. In order to determine whether unsatura¬ 
tion in groups is an important factor in promoting dissociation, Marvel M 
has prepared a large number of ethanes containing aliphatic acetylenic 
groups. An interesting member of the series is hexa-(ferf.-butylethynyl)- 
ethane (XXVII). Some of the hydrocarbons absorbed oxygen, and all 

l(CH 3 )»C—C=C—],C—Cl—C=C-C(CH,),], 

XXVII 

of them were cleaved by the action of alkali metals. Many of them were 
extremely unstable, decomposing or rearranging to other products even 
at low temperatures. Although in no instance was direct proof obtained 
that dissociation into radicals took place, the intermediate formation of 
free radicals appeared to be responsible for some of the rearrangements 
undergone by these compounds. 


Diarylacylmethyls 


sym.-Tetraphenyldibenzoylethane. This compound behaves as 
though it dissociated into free radicals. 69 Although it was expected that 
the compound would dissociate into diphenylbenzoylmethyl radicals 


Cilhv 

>C—C—Cell, 

Cell/ 

O 

XXVIII 


Cell 

C 


•H 6X 

>C=C—Cell, 
el W I 


O 

XXIX 


(XXVIII), the reactions of the free radical arc better explained in terms 
of the mesomeric form (XXIX). Thus, the free radical does not react 


“ Davis and Marvel, ibid.. 53. 3S40 (1931): Salzberg and Marvel, ibid., 50, 1737. 
1JS40 (1928). 

* 9 Lmveubciti and Schuster. Ann.. 481, 100 (1930). 
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with bromine and it adds sodium to form the sodium salt of triphenyl- 
vinyl alcohol (C 6 H s ) 2 C=C(ONa)(C 6 H s ). 

Diarylcarboxymethyls 

Bixanthyl-9,9'-dicarboxylic Acid. A solution of this acid or its 
dimethyl ester in ethyl benzoate becomes colored when heated to about 
105-115°, and the color disappears when the solution b> cooled. In the 
process the free radicals 9 -carboxyxanthyl (XXX) (or 9-carbomethoxy- 
xanthyl) are formed. Towards oxygen the compounds are much less 
reactive than the least reactive of the 9 , 9 '-d.alkylbixanthyls. 


/CiHr. 

o 


—coon 


XXX 

Bislactones of S j,m.-Diaryldi-(o-hydroxyaryl)-succinic Acids. The 
bislactone of ^.-diphenyldi-(o-hydroxyphcn>d) ? uccmic ae.d .hssoc- 
ates to the extent of 50 per cent into free radicals m a hot dilute toluene 

BOlU,i ° n ' C.H. C.H. C.H. 

^ -. m 


Certain substituted lactones of this type appear to dissociate eom- 

PlC Tetrlarylsuccin 0 nitriles. A solution of tetraphenylsuccinonitrile be¬ 
comes colored when heated to 1 - 10 °, and a solution of totra-p-an.sylsuc- 
cinonitrilc exhibits a color at 60-80° in virtue of the free diarylcyano- 
methyl radicals which arc formed. 7 - 




(C«H$)iC-C(C 6 1 Uh 

CN CN 


2(C,H.),C 

I 


CN 


Solutions of the compounds absorb oxygen very slowly and react with 
nitrogen dioxide and with phenylhvdrazinc. 

- Couunt «.-l Garvey. Jr.. J. Am. CW ; W.. 49. 20S0 0927,. 

SEE Witti* »nd Potri, tim. «, » 

(1034); Wittig and PockoU, /*".. 69. 790 (1930). 
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Diary Ihydroxymethyls 

At 150-200° benzopinacol (tetraphenylethylene glycol) and other 
aromatic pinacols R 2 (OH)C—C(0H)R2 decompose with cleavage of the 
ethane linkage to give a mixture of the ketone R 2 CO and the hydrol 
R 2 CHOH. Although this reaction is interpreted conveniently in terms 
of an intermediate formation of free diarylhydroxymethyl radicals, no 
conclusive evidence has been obtained to show that pinacols dissociate 
into free radicals. Dissociation into colored free radicals occurs when 
the hydroxyl hj'drogcn atoms of the pinacol are replaced by metals. 

Metal Ketyls. In 1891 Beckmann and Paul observed that aromatic 
ketones react with metallic sodium in anhydrous ether to give deeply 
colored derivatives. Twenty years later, Schlenk and co-workers 73 
showed that the colored compounds were free radicals of the type 
R 2 C—ONa, formed by addition of an atom of sodium to a molecule of 
ketone. 

C«H*v No C«H 6 v (C«H*) 2 C—ONa 

2 )C=0 -> 2 >C—ONa <=* 

Cell/ CeH/ (C*H*) 2 C—ONa 

Sodium kctyl Sodium pinacolato 

Similar metal ketyls, as the radicals were named, are formed by reaction 
of aromatic ketones with potassium, lithium, cesium, and rubidium. 

Although at first it was thought that the sodium ketyls are unimolcc- 
ular radicals, it was shown later that association to the sodium pinacolate 
does take place. 74, 75 The effect of solvent on the position of equilibrium 
was shown by measurements of the magnetic susceptibilities of the 
solutions. It was found that the sodium salts of benzopinacol and of 
«I/m.-4,4'-diphcnylbenzopinacol are less than 1 per cent dissociated in 
benzene, 75 but in dioxane the potassium salt of the last-named pinacol is 
85 per cent dissociated in the concentrations employed. 7 ® 

The sodium pinacolates dissociate rapidly into the sodium ketyl 
radicals. These radicals react rapidly with iodine and with oxygen; in 
both reactions the principal product is the ketone. 

2(CeII*) 2 C—ONa + I 2 -> 2(C6H*) 2 CO + 2NaI 

2(C t H*) 2 C—ONa + 0 2 -► 2(C 6 H*) 2 CO + Na 2 0 2 

If dilute acid is employed for hydrolysis of the equilibrium mixtures in 
ether and benzene, nearly quantitative yields of the pinacols are ob- 

73 Schlenk and Thai. Bcr.. 46. 2S40 (1913). 

u Hnrhniann. J. Am. them. Soc.. 66. 1179 (1933). 

7i Pocschcr and Wheland. ibid., 66. 2011 (1934). 

7# Sugdcn, Trans. Faraday Soc., 30, IS (1934); Allen and Sugdcn, J. Chcm. Soc., 440 
(1936). 
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tained,” but with water alone a mixture of equal parts of ketone and 
hydrol is formed, presumably through cleavage by alkali of the pinacol 
initially formed. 

When treated with an excess of sodium or 40 per cent sodium amal¬ 
gam, the metal ketyls form intensely colored disodium derivatives of the 
ketones. 

(C,H,),C—ONa + Na — (C t H s ) s C—OXa 

Na 

(Blue) (Violet) 


Sodium ketyls of the aliphatic and mixed aliphatic-aromatic series 
have been prepared. Branched aliphatic groups favor the formation of 
these ketyls. Thus, di-fcrf.-butyl ketone reacts with sodium to give a 
deep red sodium ketyl which slowly passes into the dimeric form. Crys¬ 
talline sodium ketyls were obtained from u>-trinlkylacetophenones and 


sodium. 77 . . 

Aromatic ketones react rapidly with a mixture of magnesium and 
magnesium iodide (which behaves like the equilibrium mixture, Mg + 
Mgl 2 5 =* 2MgI) in ether and benzene; colored iodomagnesium ketyls 
are formed by addition of Mgl to the carbonyl group. These iodomag¬ 
nesium ketyls quickly associate to colorless iodomagnesium puiaeolatos 


until equilibrium is established. 7 * 

2R*C—O - Mg + M -~— > 2R*C OMgl 


R-C—OMgl 

I 

R 2 C—OMgl 


Hydrolysis of the mixtures usually gives nearly quantitative yields of 
pinncols. Like the sodium ketyls the iodomagnesium ketyls yield the 
ketone when they react with iodine or with oxygen. 

Diphenyl Ether of Benzopinacol. When a colorless solution of this 
compound in naphthalene is heated, a red color is produced; this color is 
attributed to the formation of diphcnylphenoxymethyl radicals. 


(C«IIi)*C—OC*H fc 
(C«lIft)aC— oc«m 


;=s 2(C6lL) 2 C—OC«H* 


Free Alkyl, Aryl, and Other Simple Radicals 

Free Alkyl Radicals. In 1929-1031 Pancth and co-workers 79 dem¬ 
onstrated the existence of free methyl and ethyl radicals. To prepare free 

" Favor*ky and Nazarov. Hull. *•*. chim.. 15| 1. 40 (1934). 

»• Gombcra and Bachmarm. J. Am. Chrm. .W.. 49. 230 (1927). 

,a Panctli and Hofcditz. Her.. 62. 1335 <1929); Panclli and Lantech, Her.. 64. ‘2,02 
(1931); Puncth and Hcrzfdd. X. Elektrochrm.. 37. 577 (1931). 
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methyl, vapors of tetramethyllead were carried by a rapid stream of 
hydrogen under reduced pressure (1-2 mm.) through a tube which was 
heated strongly (600-800°) at one point A. The tetramethyllead was 
decomposed by the heat as was evident from the deposition of a lead 
mirror at A; among the products of decomposition was gaseous methyl 
which may be supposed to originate from the reaction 

(CH 3 )<Pb -♦ 4CH 3 + Pb 

The presence of free methyl was detected in various ways. A lead 
mirror was deposited at B farther along the tube and was allowed to cool 
to room temperature. Now, when decomposition of tetramethyllead 
was produced at A, the lead mirror at B gradually disappeared as it was 
removed by chemical combination with the methyl radicals to form tetra¬ 
methyllead. If the mirror at B was more than a certain distance (32 cm. 
under the conditions employed) from the source A of the methyl radicals, 
the mirror was not removed, an indication that the free methyl radicals 
decomposed within a short time. From a measurement of the relative 
rates at which standard mirrors were removed at various distances from 
the source A, the “half-life” period of the methyl radical was calculated 
to be of the order of 0.006 second at a pressure of 2 mm. in hydrogen; 
this means that one-half of the total amount of free methyl radicals will 
be decomposed in that length of time. 

The free ethyl radical has been prepared by thermal decomposition 
of tetraethyllead; its half-life is of the same order as that of free methyl. 
Evidence has been obtained of tlie formation of the free benzyl radical 
C 6 H 4 CH 2 (half-life about 0.006 second), but the higher alkyl radicals 
such as n-propyl and n-butyl appeared to be unstable at the high tem¬ 
peratures and decomposed immediately into unsaturatcd compounds 
and smaller free radicals or hydrogen atoms. 

CII 3 CII 2 CII 2 CHj=CH* + CII 3 
CH 3 CH,CH s — CH,CH=CH, + H 

The free //-propyl and isopropyl radicals have been produced, however, 
by photochemical decomposition of di-n-propyl ketone and diisopropyl 
ketone respectively. 106 Each was found to have a half-life of about 0.004 
second under the conditions employed. 

Free methyl, and to a certain extent free ethyl, can be obtained con¬ 
veniently by pyrolysis of hydrocarbons and other compounds.* 1,8i 

80 Rice and Itice, "Aliphatic Free Radicals.'* The Johns Hopkins Press, Baltimore 
(1935). 

81 Rice, Johnston, and Evering../. Am. Chem. Soc.. 54. 3529 (1932) ; Rice and Herzfeld 
ibid., 56. 2S4 (1934). 
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When vapors of hexane at 1-3 mm. pressure are passed through a tube 
which is heated at one portion to about 800°, the hydrocarbon dismto- 
gratcs and gives methyl radieaLs and a smaller proportion of ethyl 
radicals. Free methyl and ethyl radicals have also been prepared b> 
interaction of sodium vapor and alkyl iodide ... gaseous form at 

pressures. C 0 H 5 I "I - Na * ^ 2^5 "i" . 

The chief reaction of methyl and of ethyl radicals at low pressure and 

room temperature in the absence of other reagents is recombination on 
the walls to give ethane and n-butane respectively; at higher tempera¬ 
tures the ethyl radical also ^proportionates to give ethylene and ethane 
Both methyl and ethyl readily abstract a hydrogen atom from saturates! 
molecules to give methane and ethane respectively. 

CHa + CIU — CHaCHa 


CHa + KH 
2CH3CH1 
2CIIaCH 2 


CH« 4* H 

CHaCHjCHiCH* 
CH—CH* + CHaCH, 


The alkvl radicals combine with iodine to form alkyl iodides and react 

with a numbe. of other elements, usually in the form of mirrors, to form 

alkyl derivatives. Thus, by combination with free methyl radicals zuu 
alk> aen a (CH 3 ) 2 Zh, antimony to triniethylstibinc 

KhTsS\S5SwV (CH.1^MWCH,I,, .ri- 

♦k 1 ■ /fH ^ and dicacodyl (CH 3 ) 2 AsAs(CH 3 ) 2 , mercury to 

methylaisinc (CH^As .uul d. a >J t0 the trimcthyl derivative. 

‘"SS.'SS! "*£» b,. be. =1 the transitory 

existence oM he free phenyl radical in the gaseous state and in solution. 
1 , , formed in the reaction between sodium vapor and bio- 

H appears to a , U)W prl .,sure - and in the thermal 

decomposition of let raphenyHead; in these reactions the chief reaction 

of - r r 

. • f -nr,line to them the short-lived phenyl radical shows 

iSttSSS. b. — 1 — ;< 77 7 " 

practically any molecule with which it comes in contact. It abstracts a 
hydrogen atom from a non-aromatic solvent to form benzene and takes 
up a chlorine atom from a non-aromatie hal.de to give chlorobenzene. 

H.U, ant Potan^ * 

^HoTn^ndpSnyl. “»• 151 " 0M,; ">*" “" d ■""* T, °'“ 

W.“ "22: 31. U.» (1937). 
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With neutral aromatic liquids it reacts to give o- and p-derivatives of 
biphenyl; the phenyl group enters ortho and para to the substituent even 
when the substituent is the nitro group. 

Other Simple Free Radicals. Nef 5 sought to prove that certain 
classes of organic compounds such as the isonitriles contain bivalent car¬ 
bon and that numerous types of reactions take place through the inter¬ 
mediate formation of substituted methylene radicals, as for example 
CH 3 CH. His attempts to prepare the free methylene radical CH 2 were 
unsuccessful; reactions designed to give this radical yielded ethylene in¬ 
stead. Now, it appears that the methylene radical is capable of exist¬ 
ence. It is formed along with nitrogen by pyrolysis of diazomethane 
(350-600°), CH 2 N 2 —* CH 2 -f- N 2 . The methylene radical removes 
mirrors of tellurium, antimony, and arsenic, but unlike the alkyl radicals 
it docs not combine with zinc or lead.* 5 

The ON radical is formed by interaction of sodium and BrCN and 
other cyanogen halides in a highly diluted gas reaction 82 and by thermal 
dissociation of cyanogen NC—CN at 1200 0 . 84 Spectroscopic evidence 
has been obtained of the existence of OH, NH, CH, CS, and similar radi¬ 
cals as well as charged radicals of the type CH + and CH 2 + . These radi¬ 
cals have been observed in thermal decompositions or in the electric 
discharge in gases but they have lives so short that a study of their 
chemical properties is exceedingly difficult or impossible. 87 


OTHER TYPES OF FREE RADICALS 

Diarylamino Radicals. The tetraarylhydrazines were discovered by 
Wieland 88 in 1911. They arc obtained as colorless solids by careful oxi¬ 
dation of diarylamines; thus, diphenylamine gives tetraphenylhydrazine 
when oxidized by potassium permanganate in cold acetone solution. 


Cell.. 

2 >N—H 

Cell/ 


(Q) 

KMnO, 


* 2 


Cell.. 

>N ±=5 
C.H./ 


CeH. 
C 


flH.v /C.H. 

>N-N< 
eH./ X C.H. 


The intermediate diphenylamino radicals associate practically com¬ 
pletely in solution at room temperature. When, however, a colorless 
solution of tetraphenylhydrazine in toluene is heated above 70° the 
greenish brown color of the diphenylamino radicals appears; when the 


“ JJV* and Glnscbrook, J. Am. Chcm. Soc., 55. 4329 (1933); 55. 23S1 (1934). 

Kiatmkowsky and Gershinowitz. J. Chcm. Phys., 1. 432 (1933). 

” "Free Radicals," Tran*. Faraday Soc.. 30. 1-24S (1934), a report on a symposium on 
free radicals. 

88 Wieland, -Die Hydrazine." F.nke. Stuttgart (1913); Wieland and Lecher, Ann. 
381, 200 (1911); Wieland. Bcr.. 48. 1078 (1915). 
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solution is cooled the color disappears. In general, groups such as NO, 
S““h, o» .he benzene nude, .end * £ 

tetraarvlhydrazincs, and groups such as CH 3 , OCH 3 , and (Cll 3 ) 2 - m 
crease Association. Only one compound dissociated sufficiently to allow 
measurements to be made. Tc.ra-(p^methylanunophenyl)-hydraz.ne 

was found to be dissociated to the extent of 10 per cent in a dilute benzene 
solution and 20 per cent in a dilute nitrobenzene solution. 

Unlike triarylmethyls, the diarylamino radicals do not react with 
oxygen or with iodine. The reaction most frequently employed for char¬ 
acterizing these radicals Ls the absorption of mine oxide. If nitric oxide 
is passed into a solution of tetrapl.enylhydrazine at 90 , a quantitative 
yield of N-nitrosodiphenylamine is obtained. 

(C.H»)jN + NO -» (C«H»)»N NO 

_ ,U„ kinetics of the nitric oxide reaction it was found 

thatthe halfdife of tetrapl.enylhydrazine is about 3 

the energy of activation for the dissociation process is about 30 kcah 

The ?ree diarylamino radicals combine with tnpheny methyl to form 
iue ncc u. > _ n _C(CfiHfi) 3 and with sodium to give the 

of triarylhydra zincs, 

R 2 NNHR, by mild oxidizing agents as lead peroxide, Goldschmidt » 
the hexaaryltctrazane. 

(C.H.),Nx „ 2 „ (C.Hd 5 X >t _ N< NCC.Hi), 

2 C II / H 2 C.h/ C.h/ V.H. 

Tnphci.yll.yd—yl BmpkcylW...... 

cab^the^triaryIhydrazyIs combine with nitric oxide ‘riphenjd- 

methyl Measurements of the paramagnetism of a.a-diphcnjl-d-^.b- 
trinitrophonylhydrazyl indicate that U.ia radical does not associate to 

‘b 6 Mudf rnorc'stable Radicals of^his type .re obtained by introducing 
an acyl group in place of one aryl group; the radicals diarylaeety lh>- 

iaSSZJEfiti tTiSZ and^Bader, M, *73. .37 0929). 
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drazyl, R 2 NNCOCH 3 , and diarylbenzoylhydrazyl, R^NNCOCeHs, are 
examples of this type of radical. The radical a,a-di-p-anisyl-/3-benzoyl- 
hydrazyl (p-CH 3 OC 6 H 4 ) 2 N—NCOC 6 H 5 does not associate in acetone 
even at —50°. In contrast to the rapid dissociation of hexaarylethanes, 
the dissociation of the substituted tetrazanes is exceedingly slow. 

Diarylnitrogen Oxides. Oxidation of N-diphenylhydroxylamine in 
ether solution at 0 ° by silver oxide yields diphenylnitrogen oxide, which 
can be isolated in the form of dark red crystals . 91 

2(C.Hs)*N—OH + Ag 2 0 -* 2(C 6 Hs) 2 NO + H 2 0 + 2Ag 

The free radical nature of the diarylnitrogen oxides has been confirmed by 
paramagnetic susceptibility measurements. Of the following three elec¬ 
tronic structures which may be written for these free radicals, Pauling 24 
prefers the structure containing the three-electron bond but considers it 
probable that there is some resonance involving the other structures. 


R 2 N—O: 


RtN—O: 


• • 


R a N 



In general, the diarylnitrogen oxides are unstable compounds which 
decompose in a few hours. Introduction of nitro groups into the benzene 
nuclei stabilizes the molecule to such an extent that the free radical can 
be kept unchanged for several months. The diarylnitrogen oxides com¬ 
bine readily with nitric oxide and other odd molecules. The primary 
product of the reaction between diphenylnitrogen oxide and nitric oxide 
appears to be the N-nitroso derivative (C 6 H 5 ) 2 NO(NO) which then 
undergoes rearrangement to the more stable molecule, phenyl-p-nitro- 
phenylaminc. Triphcnylmethyl instantly decolorizes a red solution 
of diphenylnitrogen oxide; here, too, the primary addition product 
(CoH 5 ) 2 N O C(CoH 5 ) 3 undergoes further reaction to products which 
are unknown. \\ it h hydrogen iodide, iodine is liberated as the oxide is 
reduced to ihc diarylamino. 

Aroxy Radicals. By mild oxidation of certain phenols there are pro¬ 
duced diarylperoxides R—O—O—R, which arc capable of dissociating 
into aroxy radicals R—O . 92 The most stable products are obtained from 
9-mcthoxy-, 9-ethoxy-, and 9-ehloro-10-phenanthrol. Thus oxidation of 
9-methoxy -1 Q-phenanthrol in ether solution by lead peroxide gives the 
9-methoxy-lO-phcnanthroxv radical which associates reversibly to bis( 9 - 
methoxy- 10 -phenan t h ry 1 )-poro.\i de. 


,, rt ™v Wl i an , d a, ,‘ d ° ffonbacher - Bcr ' 47 - - 113 (1914); Wiclund and Roth. Ber., 53. 210 
0920); Wieland and Kogl. Ber.. 55. 179$ (1922); Cambi. C.azz. chim. iUxl.. 63. 579 (1933). 

Pummerer and co-workors. B,r.. 47. 1472. 2957 (1914); 52. 1416 (1919); Gold¬ 
schmidt and Schmidt, Ber., 55. 3197 (1922). 
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The peroxide is colorless, but the free radicals are greenish yellow in solu¬ 
tion This particular radical is formed to the extent of 3, per cent m a 
dilute solution and the corresponding 9 -ethoxy- 10 -phenanthrox> radical 
62 per cent under the same conditions. .. .. . . , 

Like the tetraaryldibensoyltetrazancs the diarylperoxides dissociate 

very slowly into the aroxy radical and equilibrium is reached only after 
several hours. As a result the concentration of aroxy radicals in the 
equilibrium mixture can be determined by titration with hydrazobenzene 
solution, which reacts with the radical only. 

2R — O + C.HsNHNHC.H, — 2ROH + C.H.N—NC.Hi 

The aroxy radicals are not readily affected by atmospheric oxygen, 
and they do not react with iodine or with nitric oxide. They combine 
with tripheny lmethy 1 to give the triphenylmcthyl ether ofthephenol 
r_0 -C(C 0 H 6 )3 and with potassium to form the salt ROk, and an 
reduced to the phenol by zinc and acetic acid, by hydrogen iodide, and 

by Siffit^ls. Analogous to the diarylperoxides ore the diaryl- 
disulfides RS-SR, which appear to dissociate ...to the free arylth.yl 
radicals RS.” Diphcnyldisulfide, which is a colorless solid, g.i es a > cllou 

C«IIfcS—SC«II» «=* 2CeHfcS 

solution whose color deepens when the temperature is raised. Under 
mild conditions the phenylthiyl radical C 0 H 5 S reacts inti ll - 

methyl, with metallic sodium, and with metallic silver and forms 
CaH.SCfCnHsL, C g H 6 SNu, and C„H 5 SAg respectively. 

Semiquinone Radicals. Michnelis and his collaborates »* have stud¬ 
ied an interesting class of free radicals known as sem.quu.ones These 
radicals correspond to the intermediate stage between two member* of a 
system capable of being converted read.ly into each other by a bivalent 
oxidation or reduction (involving the removal or addition of two electrons 
respectively). For example, deeply colored semiquinone radicals are 

:: - -» '• *>■ ** 

214. 1007, 107b (1038). 
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formed as intermediates in the reduction of suitable quinones to hydro- 
quinones and in the oxidation of aromatic diamines to the diimines. 
In these systems an equilibrium is established between two moles of the 
free radical (R) and its disproportionation products, oxidized form (A) 
and reduced form (B), 2R «=* A + B. The existence of the semiquinone 
radicals has been established by potentiometric methods, by magneto¬ 
metric measurements, and by colorimetric means. 

A typical example of semiquinone formation is the production of a 
so-called Wurster dye by oxidation of p-phenylenediamine (or the 
N-alkyl derivative of the diamine) in acid solution. In neutral solution 
the three components of the system may be represented as follows: 





In neutral solution it is not possible to detect the intermediate radical 
(R)» but * n moderately acid solution a stable form (R') is formed by 
addition of a proton. As a result of the increased possibilities for reso¬ 
nance involving such forms as R'a, R'b, R'c, R'd, and the like, the radical 
becomes stabilized. Indeed, the free radicals of this type with the 
nrriino groups completely methylated are even more stable than the 
corresponding diimines. 


sN lh 



•NH 2 (+) 

R'u 


•NH,(+) 



: NHj 


R'b 




Similarly constructed semiquinone radicals are formed by reduction of 
phenazines, flavin dyestuffs (including vitamin B 2 ), indophenols, inda- 
mines, and thiazincs. 

Stable semiquinones arc obtained from suitable quinones and 1,2- 
diketones when the reduction is carried out in alkaline solution. Reso¬ 
nance among equivalent structures is possible in the anion, but this 
condition is destroyed when a hydrogen atom is present on one of the 
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oxygen atoms, which occurs in acid or neutral solutions. Semiquinone 
radicals have been obtained in alkaline solution from duroqumone, 
3 -phenanthrenequinonesulfonic acid, and benz.l In the foUowing for- 

mulas only one of the forms contributing to the resultant resonance 
state is shown. 


O 



,CH 3 'OjS 





O 

The last-mentioned semiquinone radical gives rUe to the purple color 
which is observed when sodium hydroxide .s added toanalcohohcsolu- 
. e . ii rOCOC-Hs and benzoin CoHsLOLtitvjiiJv-ctts. 

TH n “Lt radi«fLS^ pro2u^d as an intermediate during the oxida¬ 
se P of ^ n f n 'alkaline solution. In the dilute solutions in which 
tion ol uen th frce rn dical has little tendency to dimerize. 

°Examples of neutral semiquinone radicals are the hydroxyanthronyls 
rXXXI) which are formed by addition of a single atom of hydrogen to 
imdecule of the quinone, and the arylpyrrobnoanthroxy radicals 
(XXXII) of Scholl,“to which the following structures have been as- 

signed: q 




APPLICATION OF THE CONCEPT OF FREE RADICALS 

Tn 1RSR Kekulf “ expressed his views on the manner in which reac¬ 
tions take place. He objected to the customary method oHormulatmg 
reactions involving double decompositions as aa + bb -> ab + a b 
because the formulation gave no indication of what went on during the 
reaction and was likely to lead to the erroneous conclusion that radicals 
exist in the free state during the exchange. According to him the 


••Scholl. Bcr.. 54. 2370 (1921): Srholl. Dchncrt. and Semp, Bcr., 56. 1033 (1923); 
Scholl and B0U K cr, Bit., 64. 1878 (1931). 

•• Kekul*. vlnn.. 106. 129 (1808). 
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simplest expression of the reaction involved the formation of an inter¬ 
mediate addition complex, and he wrote the reaction in the following 


manner: 


a lb ab 

a'.b' a'b' 


a b 
a'b' 


It is true that in certain reactions intermediate addition complexes 
are formed. On the other hand, there is abundant evidence that many 
reactions proceed through the intermediate formation of fragments, 
either ions or free radicals. The ionic mechanism has been particularly 
successful in interpreting reactions which proceed most readily in 
aqueous solution or in an ionizing solvent and reactions which are pro¬ 
moted by a polar environment, and those, such as hydrolysis, which are 
catalyzed by ions. Free radicals play an important role in many photo¬ 
chemical and thermal decompositions, and in reactions which occur in 
liquids of low dielectric constant and in gases. 

The literature abounds in discussions of reactions in which the inter¬ 
mediate formation of free radicals is postulated. Often no definite proof 
could be obtained that the radicals were actually formed, but the 
results were most readily explained on the basis of radicals. This is 
especially true of reactions carried on in the liquid phase or in solution. 
In the gas reactions the short-lived radicals such as methyl, ethyl, and 
phenyl can often be detected by the Paneth effect on mirrors, and their 
formation can be deduced from the isolation of the dimers formed by 
association of the free radicals. In solution these extremely reactive 
radicals have little chance to dimerize, for they attack practically any 
molecule with which they collide. As a result, products are encountered 
which result from the action of the radicals on the solvent. Stable radi¬ 
cals such as the triarylmethyls can usually be detected without difficulty. 
In the discussion which follows, examples of reactions have been chosen 
in which more or less definite proof has been obtained that free radicals 
arc involved. 

Wurtz-Fittig and Allied Reactions. Hexaarylethanes and other com¬ 
pounds capable of dissociating into free radicals are generally obtained 
through association of free radicals initially formed in the reaction. By 
analogy with the formation of hexaarylethanes one can reasonably 
assume that the formation of *-ym.-tetraphenylethane from diphenyl- 
bromomethane and a metal proceeds through the intermediate formation 
and association of diphonylmethyl radicals. Support for this view was 
obtained when the reaction was carried out in the presence of triphenyl- 
methyl. 57 If equivalent amounts of triphenylmethyl and diphenylbro- 
momethane in benzene are shaken with mercury, the principal product 
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(90 per cent) is pentaphenylethane and the reaction may be formulated 

as follows. (C*H*)*CHBr + Hg — (C»H*),CH + HgBr 

(CeH»)iCH + (C*H»)jC — (CeH»)*CHC(CeH») a 

The diphenyl.ne.hyl radicals are “captured" by the triphenylmethyl 
radicals as soon as they arc formed and do no. assoc.atc to the te.ra- 

PhC In aSar manner, the diarylmethyl radicals formed by interaction 
of the halide and a metal have been found to react with oxygen more 
rapidly than association takes place. When diphcnylchloromcthanc 
reactswith silver a quantitative yield of sym.-tetraphenylethane is ob- 
tatned, but when the reaction is carried out in the presence o oxygen 
onlv a few per cent of sym.-tetraphenylethane are produced; the chief 
products are benzophenone, bcnzohydrol, and diphenylmethyl ether, 
formed by oxidation of the intermediate 

lar results have been obtained will, a number of d.ar> lnntthj U lUondcs 
There has been a great deal of discussion whether Radical- . are 
formed as intermediates in the Wurtz-F.tt.g reaction (p. 530). \\ i t 
doubt in many reactions organosodium derivatives are formed a.- inter¬ 
mediates but dus does no. exclude the intermediate formation o free 
mediates, mi r( . ( . :l llcd that tin- free ethyl radical was 

obtained "by interaction of sodium and ethyl iodide in the gas phase. 

A free radical mechanism was proposed to account for the products 
A lire radii a nI1 a chlorobenzene, namely, benzene, 

of the reaction between mkuuiu o'^;.*h,.i»vlhmhpnvl 

biphenyl 4 -phcnylbiphenyl, 2 -phdiylbiphcnyl, 2,2 -d phi n> U>ipUcn> l, 

and triphenykne.** The formation of these compounds can be under¬ 
stood if one assumes the intermediate formation of the phenyl radical, 

stood one a j |snroI)or ii„nato to benzene and phenylenc radicals 
which can - 2 phenylbiphcnyls), and react 

(which can add phenyl «*«*<«>* whcn ' the reaction was carried out 

rt^et^yrfomKdion was completely suppressed and a large 

SSS3SSUh.,.., iw urodun. „y .. t™. 

intermediate organosodium compounds or from reactions such as 

C,1U + C.II.C1I, — /eC.lUC.H«CH 1 + 11 

C.IU + 11 — t ‘ n - 
C,m + c.incili — C»1I. + C.H»CH, 

C.mcilj + C«1U — C.II.CHrC.lU 

- Wuis and Mulder. H-c. ear. «•<" ■ "■ «*» ll338 ' : N “'"“ *" d MU,d ° r - 
'"'i. and Clarke. 7. A- «• **** <»*"• 
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s/Grignard Reaction (p. 495). It has been definitely proved that the 
preparation of the Grignard reagent triphen 3 'lmethylmagnesium bromide 
proceeds through the intermediate formation of the free radical triphenyl¬ 
methyl. 99 

2(C 6 H 5 ) 3 CBr + Mg -> 2(C 6 H 6 ) 3 C + MgBr, 

2(C 6 H 6 ) 3 C + Mg + MgBr, — 2(C 6 H 5 ) 3 CMgEr 

When one-half of the total amount of magnesium has reacted, the solu¬ 
tion contains triphenylmethyl (and hexaphenylethane) but no Grignard 
reagent. Similarly, triphenylmethyl is an intermediate in the prepara¬ 
tion of triphenylmethylsodium from triphenylchloromethane and so¬ 
dium. As soon as all the chloride has reacted, the yellow solution con¬ 
taining triphenylmethyl rapidly becomes intensely red as triphenyl- 
methylsodium is formed. 100 It has been suggested that other Grignard 
reagents arc formed through a free-radical mechanism, 

Further evidence of the formation of free radicals as intermediates 
has been obtained from a study of the reactions of Grignard reagents. 
Triphenylmethylmngnesium bromide reacts with benzophenone to form 
the two radicals triphenylmethyl and bromomagnesium-benzophenone- 
ketyl; the two radicals then associate to the corresponding symmetrical 
compounds. 

(C fl II 6 ) 3 CMgBr + (CtlhhCO -> (C*H 5 ) 3 C + (C 6 H 6 ) 2 C—OMgBr 

T1 tl 

(CeHj)jC (C.Hs)jC—OMgBr 
(C.Hi).C (C«H.)sC—OMgBr 

This type of reaction is not uncommon. The chief products of the 
reaction between benzylmagncsium chloride and methyl iodide are bi¬ 
benzyl and ethane. The reaction between benzophenone and n-propyl- 
magnesium bromide (and other Grignard reagents) (p. 646) which gives 
benzohydrol as the principal product in addition to propylene has been 
explained on the basis of radicals. 101 

R 2 CO + CTI 3 CH 2 CH 2 MgBr — R 2 COMgBr + CH 3 CIIiCH 2 

RjCIIOMgBr + CH 3 CH=CH 2 

It is difficult to account for the formation of ethane and ethylene in 
addition to n-butnne in the reaction between ethylmagnesium bromide 
and ethyl bromide unless free ethyl radicals are assumed to be produced 

M Gomberg and Bachmann, ibid., 52. 2455 (1930). 

,00 Schlenk and Ochs, tier., 49. 009 (1910). 

101 Blicko and Powers. J. .4m. Chcm. Soc.. 51. 3378 (1929). 
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as intermediates. Then the process becomes clear, for the ethyl radicals 
may disproportionate as well as associate. ... 

Photochemical Reactions. Dissociation of triarylmethyl bromides 
into the triarylmethyl radicals takes place when their solutions are 
irradiated or subjected to the action of cathode rays. If a solution of 
triphenylbromomethane in benzene is exposed to sunlight or light in the 
near ultra-violet region, a deep yellow coior develops In contact with 
air or oxygen the irradiated solution deposits crystals of tnphcnylraethyl- 

^Tctnlidcrable number of simple free radicals have been observed in 
the photolysis of organic compounds. Not only f-e alkyl and ao-l radi¬ 
cals but also radicals of the type OH, 0 2 H. CC1 3 , COC1, CH, Ml, i II 2 . 
and many others are now used freely to explain the results of photochemi¬ 
cal reactions. The results obtained by irradiation of alkyl iodides in the 
presence of oxygen, which leads to the formation of alcohols and alde¬ 
hydes, have been explained on the basis of an initial dissociation of the 
alkyl iodide into the alkyl radical and atomic iodine. 


CII*l 
CH* + 0 2 
CH*I + oil 


-> CH* + I 
-> CH-0 + OH 
-> CH,OH + I 


The photochemical decomposition of aldehydes and ketones has re¬ 
ived considerable attention. The production of free meth-landi eth> l 

. . . ii. :_L’nlnttr>< hV IiPnl Ol COI- 


CHk 
>° 


ceived consiaerauie aucnuun. , - 

radicals appears to be achieved by irradiation of ketones by light of cer¬ 
tain wave length (2900 A). Methyl ethyl ketone dccompos^ .n o methj 
and propionyl radicals and the latter then break down ...to cthy 1 radicals 
and carbon monoxide. 104 

CH* + CH*CH 2 CO —* CH* + CH*CH 2 + CO 

CHaCHt 

The free alkyl radicals then combine to form ethane, propane, and ,,- 
butane. In a similar manner, photochemical decomposition of acetone 
at room temperature yields the free methyl and acetyl radicals which cm 
associate to form ethane and diacetyl. Above 60 no d.acetyl is formed 
because of the decomposition of the acetyl rad.ca to methyl and carbon 
monoxide. 105 The acetyl radical has a life even shorter than that of the 

alkyl radicals. 

lw Halford anti Anderson, /-roe. -Va„. Ac*..S*V. &. ». 759 (1933,. 

«•> Bates and Sponoc, J. Am. t hem. Soc.. 63. lOSU (1931) 

104 Norriah. Kef. 87. p. 107. 

,0 ‘Glazobrook and Pearson. J . them. Soc.. (133/). 
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On exposure to light, di-n-propyl ketone yields free n-propyl radicals. 
Diisopropyl ketone gives isopropyl radicals initially, but these subse¬ 
quently isomerize to n-propyl radicals, for the product of the reaction 
between the radicals and mercury was di-n-propylmercury. 106 Photolysis 
of acetaldehyde gives the methyl radical and the unstable CHO radical 
as primary products, which then undergo further reaction (see thermal 
decomposition), and irradiation of ketene CH 2 =CO yields the methylene 
radical and carbon monoxide. 

The photochemical production of phosgene from carbon monoxide 
and chlorine takes place through the following steps involving a chain 
reaction carried on by chlorine atoms and the COC1 radical: Cl 2 —* 2C1; 
Cl + CO -> COC1; COC1 + Cl 2 COCl 2 + Cl. 107 Kharasch and 
Brown 108 have found that irradiation of a mixture of oxalyl chloride, or 
phosgene, and cyclohexane gives a good yield of cyclohexanecarboxylic 
acid chloride. They believe that the COC1 radical, formed by photolysis 
of the acid chlorides, is probably an important intermediate in the reac¬ 
tion. Similarly, the photochemical sulfonation of aliphatic acids and 
saturated hydrocarbons with sulfuryl chloride has been explained by a 
free-radical mechanism. 109 In the latter reaction the following formula^ 
tion has been suggested: S0 2 C1 2 —♦ S0 2 + Cl 2 ; Cl 2 —► 2C1; Cl + 
IlH -> R + HC1; R -f S0 2 —* RS0 2 ; RS0 2 + Cl 2 RS0 2 CI + Cl. 

Thermal Decompositions. It has been shown that many types of 
aliphatic compounds, hydrocarbons, ethers, aldehydes, and ketones, 
when heated in the range 700-1100° C., decompose into free radicals 
which can be detected by the Paneth effect on mirrors. 81 In the pyrolysis 
of hydrocarbons Rice has been able to predict semi-quant it atively the 
products of such decompositions on the basis of free-radical formation. 
In these reactions, chain reactions are initiated by the alkyl radicals 
initially produced. Thermal decomposition of ethane has been formu¬ 
lated in the following manner: 

CII3CH3 — 2 CH, 

CH, + CHaCH* — CH 4 + CHjCHj 
CTI aCHs — CHj—CH S + H 

CHaCH, + II -» H 2 + CH3CH2 — H, + CHa=CH 2 + H 

Gluzebrook aiul Pearson, ibid., 1777 (1936). But see also Kharasch, Kano, and 
Brown, J. Am. Chun. Soc.. 63. 526 (1941). 

107 Bodcnstein. ’/.. />h Ua ik. Chcm., 130. 422 (1927); Bodenstcin and Onoda, ibid., 131, 
153 (1928). 

,M Kharasch and Brown. J. Am. Chcm. Soc.. 62. 454 (1940). 

109 Kharasch and Read, ibid., 61. 30X9 (1939): Khurasch and Brown, ibid., 62, 925 
(1940); Kharasch, Chao, and Brown, ibid.. 62. 2393 (1940). 
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The chain is terminated by collision of the ethyl groups with hydrogen 
atoms; the length of the chain is about 100 cycles. 

Thermal decomposition of acetaldehyde gives methane, carbon mon¬ 
oxide, and small amounts of hydrogen. The reaction appears to take 
place through a chain reaction initiated by free radicals, and the follow¬ 
ing mechanism is one that has been proposed: CH 3 CHO -> CH 3 + CO 
4- H; H + CH 3 CHO —* + CH 3 CO (— CH 3 + CO); CH 3 + 

CH 3 CHO -* CH., + CO + CH 3 . Decomposition of the acetaldehyde 
can be carried out at a temperature at which the pure aldehyde is inert 
by addition of some azomethane, CH 3 N=NCH 3 . The azomethane on 
pyrolysis yields free methyl radicals which initiate the chain reaction 
involved in the decomposition of the aldehyde.'" This same technique 
has been applied to the photochemical decomposition of acetaldehyde 112 
at room temperature and to the thermal decomposition of hydrocarbons. 

Triarylmethyl radicals are produced not only by thermal dissociation 
of hexaarylethanes but also by thermolysis of a number of other types of 
compounds. Azotriphcnylmothanc, (C«Hs) 3 CN=NC(CsH s ) 3 , decom¬ 
poses into triphenylmcthyl and nitrogen even at 0°, and ditriphenyl- 
mcthyldisulfide (C,H s ) 3 CS-SC(C 6 H s ) 3 and certain other sulfur com¬ 
pounds yield triphenylmcthyl on decomposition. The thermal decom¬ 
position of bcnzeneazotriplienylmctlianc, (C«Hs) 3 CN=NC 0 Hs, has been 
the subject of considerable investigation. Gomberg • found that very 
little totraphcnvlmethnne is produced on decomposition of the com¬ 
pound. From the results of the investigations of W leland and his 
collaborators »» it is reasonable to assume that the primary reaction is 
decomposition into triphenylmcthyl, nitrogen, and phenyl, (C.H,) 3 CN 
—NC*H* - (C«H 5 ) 3 C + N, + C0H5. There is no difficulty 111 detect¬ 
ing the triphenylmcthyl radicals, but the short-lived phenyl radicals are 
more elusive. The phenyl radical does not dimerize to form biphenyl 
but reacts rapidly with the solvent employed. Thus, it abstracts a 
hydrogen atom from hydrocarbons like hexane to form benzene; it 
removes a chlorine atom from carbon tetrachlor.de to form chloroben¬ 
zene; it reacts with benzene to give biphenyl, with toluene to form 
2- and 4-methylbiphenyl, and with chlorobenzene to give 4-clilorobi- 
phenyl."* Similar products have been obtained in other reactions 111 
which free phenyl radicals appear to lx: formed. 

Oxidation and Reduction Reactions. According to Ziegler the 
first step in the reaction between triphenylmcthyl and oxygen is the 

Lccrinukcrs. ibid.. 56. 3199 <1933). 

•" Allen and Sickman. ibid.. 66. 2031 (1934). 

Blacct and Tauro*. . bid.. 61. 3024 (1939). 

»'» Wicland. Ann.. 614. 145 (1934). 

»'* Hoy. J. Chrm. Soc.. 1900 (1934). 
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formation of very reactive radicals of the type R3C O O . These 
radicals then combine with triphenylmethyl radicals to give the peroxide. 
The free peroxide radical also reacts with undissociated hexaphenyl- 
ethanc: R 3 C 0 2 + R3CCR3 -> R3COOCR3 + R3C. The radical liber¬ 
ated in this reaction takes up another molecule of oxygen, and the chain 
is continued. By adding an equivalent amount of pyrogallol, the chain 
reaction is inhibited (by reaction of the R 3 COO radicals with pyrogallol) 
and a mole of oxygen is absorbed for each mole of triphenylmethyl 
radical. 

Triphenylmethyl is found to be a catalyst for the oxidation of a 
number of compounds in virtue of the formation of the active peroxide 
radicals, which promote chain reactions, often of great length. Thus, 
chains of 55,000 units have been observed in the oxidation of dimethyl- 
bcnzofulvenc in the presence of a small amount of triphenylmethyl. The 
reaction is R 3 C -f 0 2 —> R3CO2; R3C0 2 + A —► R3C + A 0 2 ; R3C + 
0 2 —► R 3 C 0 2 ; etc. The chain is broken when the peroxide radical 
combines with a triphenylmethyl radical to give triphenylmethyl- 
peroxidc. 

According to Michaelis,* 4 bivalent oxidations (and reductions) pro¬ 
ceed in steps involving the intermediate formation of free radicals, and he 
has actually demonstrated the existence of the free radicals (semiqui- 
nones) in all the familiar reversible oxidation-reduction systems. If A 
represents the reduced form, R the radical, and B the oxidized form, 
then the reaction proceeds in the steps, A «=* R -f R«=*B-fc. 

The free radical Cf,H r> NH appears to be formed as an intermediate in 
the oxidation of aniline by lead dioxide, for when the reaction is car¬ 
ried out in the presence of triphenylmethyl, N-triphenylmethylanilinc 
C g H 5 NHC(CcH 5 ) 3 is formed. 115 Although spectroscopic evidence has 
been obtained of the presence of free CH3, CH 2 , and CH radicals in the 
inner cones of hydrocarbon flames where there is a limited supply of oxy¬ 
gen, it has not yet been decided definitely what part free radicals play in 
combustion. 

Conant and Bigelow 36 have shown that in the reduction of malachite 
green and related compounds by soluble reducing agents free radicals are 
produced initially; these then react further with the reducing agent to 
give the leuco base. In the reduction of aromatic ketones to the hydrols 
by sodium amalgam and alcohol, the first step is the addition of sodium 
to the ketone to give a ketyl radical; the ketyl radical reacts with the 
alcohol to give equivalent amounts of hydrol and ketone, and the regen¬ 
erated ketone then goes through a similar series of changes, 1,6 R 2 CO + 

1,6 Goldschmidt and Wurzschinitt. Bcr.. 65. 3216 (1922). 

,ia Bnchmann, J. Am. Chcm. Sue.. 55. 770 (1933). 
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Na — RftOONa; R 2 CONa 4- C 2 H 5 OH - R 2 COH 4- C 2 H 5 ONa; 
2R 2 COH —> R 2 CHOH + R 2 CO. 

Other Reactions. Hey and Waters « believe that free phcnjd radi¬ 
cals are responsible for the products obtained in the Gombcrg-Bachmann 
reaction."’ In this reaction biaryls are formed by addition of alkal to a 
mixture of a diazonium salt and an aromatic hydrocarbon or dematne 

C.H*N,C1 + C«H 6 + NaOH - C 6 H S C 6 H. + N 2 + Natl + H,0. A 
Sly teaettve diazo hydroxide (or anhydride) formed by the action o 
“klu on the diazonium sal. is extracted by the aromatic liquid, and 
the reaction takes place in the organic solution. The phenyl radical ini¬ 
tially produced reacts with benzene to form biphenyl and with some of 
the biphenyl to give 4 -phenylbipl.enyl; it reacts with toluene to gne 2- 
and 4-methylbiphenyl, and with bromobenzene to 6>ye ^a.id 4-brom^ 
biphenyl 118 Nitrobenzene and cyanobenzenc are attached in the pa 
position to give 4 -nitrobiphcnyl and 4 -cyanobiphcnyl rospcctive y con- 
^ i i ciilwtitution of these compounds which takc» 

trary to the usual mc'a ^muUon of substitution with 

place m ionic reactions, l formation of phenyl radicals. 

Sbndar°resuHs have been obtained in the reaction between riuomcyl 

ary AZr^rm^i^ln proposed to account for the abnor¬ 
mal addition of HBr to unsaturated compounds in the presence of perox¬ 
ides or oxygen. 1 ™ , _ 

HBr 4- 0* (or peroxide) --» HOa + 1 

R—CH—CHi + Br -> R-CII—CH.Br 

R—CH—CH*Br + HBr -* R-CH*-CH t Br + Br 

The addition of halogens to double and 

light may involve the .ntcrm^ia^c ^ormaj ^^^ ^ involvcs thp follow- 
the photochemtcal addition of br H + Rr _ HC==C HBr; H C 

mg chain reaction: ™ J,r ^ ^ additio „ of chlorine to 

in polymerization processes. 

■» Comber, and Bachmann, jtid-. 4 *'J?^ 924, ‘ 

»*• Goinbcru und Pcrncrt. ibid.. 48. U* - ( - 

Grieve und Hey J. Chtm. S.r , • * / a 288 (1937) . Mavo an d Walling. 

110 Kharasch. Engdmann. and Mayo. J ■ c ng. ^ 

Chcm. Rev.. 27. 351 (1910). C hem.. B39. 352 (1939.. 

.;*«.««. = 

488. 1 (1031). 
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Haber and Willstatter 123 see the work of free radicals in the Canniz¬ 
zaro reaction and in many reduction (p. 643) and dehydrogenation reac¬ 
tions. A chain reaction is induced by a free radical which is formed 
initially from the substrate by removal of a hydrogen atom. In the 
Cannizzaro reaction it is assumed that the CeH 5 CO radical is produced 
through reaction of a molecule of benzaldehyde with the ion of a heavy 
metal present in minute amounts. The radical then initiates the fol¬ 
lowing series of reactions: 

C 6 H 6 CO + C«H s CHO + H*0 -► C«H 6 COiH + C c H 6 CHOH 
C fl H 6 CHOH + C«H*CHO — C f H 6 CH*OH + CeH s CO 

There is a close parallelism between the addition reactions of the 
double bond in unsaturated compounds and those of the triply linked 
carbon atom in free radicals, and a number of investigators have been 
forced to the conclusion that the double linkage may open to a slight 
extent to a single bond with the formation of a biradical. Enzymes, ac¬ 
cording to Freundlich, may perhaps be free radicals which are stabilized 
because they are adsorbed at a suitable interface, and the function of 
certain enzymes in reactions is to produce a free radical from the sub¬ 
strate by removing a hydrogen atom. It has been suggested that the 
formation, addition, disproportionation, and polymerization of free 
radicals may play an important role in the process of biological synthesis 
and degradation of living cells, under the influence of mild reagents and 
low temperatures. 
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INTRODUCTION 

The ability to undergo addition reactions is the organic chemist’s 
primary criterion of unsaturation, and the three distinct types of organic 
compounds which meet this requirement constitute the great bulk of 
organic chemisty. In substances of the first type, unsaturation is 
associated with a strained ring structure (p. 100) and addition reactions 
result in ring opening. Cyclopropane and ethylene oxide are examples. 
In substances of the second type, unsaturation is confined to a single 
atom, and addition reactions result in an increase in valence of that atom. 
Triphenylmethyl and trimethylamine are examples. In substances of 
the third type unsaturation is shared by two adjacent atoms. Ethylene 
and acetone are examples. This last type of unsaturated compound is 
by far the most common of the three, and it is the only type which will 
be dealt with in this chapter. 

The six unsaturated groups will be considered: C=C, 0=0, C==C, 
C=N, C=N, andN0 2 .* Frequently organic compounds contain 
more than one of these six unsaturated groups and in such cases the 
groups present may be alike or different. When more than one unsatu¬ 
rated group is present in a molecule the organic chemist distinguishes 
between threo possibilities: twinned double bonds or systems, such as 
0=C=C, where two unsaturations are shared by the same atom; 
conjugated multiple linkages or systems, such as C=C—C=0, 
where alternate single and multiple linkages are present; and separated 
multiple linkages or sj'stcms, such as C=C—(CH 2 ) n —C=C, where 
one or more saturated atoms separate the multiple linkages. Not all 
these possibilities can or need be considered in this chapter. The dis¬ 
cussion will be confined to systems containing but one unsaturated 
group or one unsaturated group and an aromatic ring system, to twinned 
double bonus, and to conjugated systems. 

Although unsaturation means primarily the ability to undergo 
addition reactions, there is also associated with it the activating effect 
which unsaturated groups exert on nearby atoms. Victor Meyer as 
early as 1872 observed the surprising reactivity of the a-hydrogen atoms 
in the nitroparatlins and later began a systematic search for other such 
activating or “negative” groups. 1 Later Henrich showed that all such 
activating groups were unsaturated. 2 The activating effects of unsatu- 

* Tho mtroso (N=0) and azo (N=N) groups arc not considered in this chapter. 
They aro discussed in Sidgwick. "Tho Organic Chemistry of Nitrogen." new edition 
rovised by laylor and Baker, Clarendon Press. Oxford (1937), Chapter VII and pp. 
431-437. I ho unsaturation present in nitrones, azoxy compounds, and amine oxides is 
covered in an article by Smith. Chcm. Rcr.. 23. 193 (193S). 

1 Moyer and StOber, Btr., 6. 399 (1S72). 

* Henrich, Btr., 32. G68 (1S99). 
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rated groups play a role in chemical reactivity exceeded in importance 
only by the addition reactions of these unsaturated groups. As the 
chemical behavior of the various unsaturated groups is described, the 
ways in which and the extent to which they activate adjacent atoms 

will be indicated. , • , * • „ 

Unsaturation of the type which is being discussed is almost univer¬ 
sally represented at present by the double or tnple bond with the 
understanding that each individual linkage represents a pair o shared 
electrons. This was not always the case. The ethylene double bond, 
for example, was originally represented by a single linkage between two 
carbon atoms each of which possessed one free valence. It was soon 
recognized, however, that these free valences always occurred in pairs 
shared by two adjacent atoms and that addition reactions always 
saturated both free valences. From this point it was but .. short step 
to represent the two free valences as combining with each other o 
form a second linkage between the two atoms involved. It 
stated that the double bond did not imply twice the s r ' 

single bond; rather, it implied reactivity by addition. It is important 
to realize that the current method of representing unsauratiouy 
double or triple bonds reveals nothing about the rates at which addition 
reactions take place, nothing about the mode of a.ld.tion ivhere morc 
than one mode is possible, and nothing about the mechanism of addition. 
Attempts to devise a representation of unsaturation which will convey 
this information have not so fur been successful. 

SYSTEMS CONTAINING ONE ° NE 

UNSATURATED GROUP AND AN AROMATIC RING 

The Carbon-Carbon Double Bond 

The carbon-carbon double bond, which is the most important 
example of unsaturation shared by two like atoms, gives rise to a wide 
variety of addition reactions and also serves to transmit the activating 
or inactivating effects of substituents o. other ....saturated groups.’ 


=CIIC0 2 C 2 Il6 


cocii 2 CH=cnco 2 c 2 m 

I 

COsCsHt 


+ C 2 HfcOII 


co 2 c 2 h 6 

I + CIIaCH: 

C0 2 C 2 H 6 

Activation of adjacent atoms by the isolated cthylenic linkage is 
neither frequent nor striking. Probably the most ‘important exer¬ 
tions to this statement arc the greater reactivity of the allyl halides as 
•Fuaon, Chem. Rev.. 16. 1 (1935); BUtt. J- Or*. Chem.. 1. 154 (1936). 
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compared with the propyl halides and the ease of oxidation of the system 
—CH=CH—CH 2 — to furnish an a,/3-unsaturated ketone. 4 

Reduction. Of the many addition reactions of the ethylenic linkage 
none is more general than the addition of hydrogen which, because of 
its wide applicability, is used to determine the number of ethylenic 
double bonds present in organic compounds. For the isolated ethylenic 
double bond, catalytic hydrogenation is the method par excellence; 
metal combinations arc without effect.* 

Catalytic hydrogenation may be carried out at the ordinary temper¬ 
ature and pressure when specially prepared, highly active forms of 
platinum and palladium arc employed. Less expensive but also less 
effective is finely divided nickel whose use generally requires both high 
pressure and temperature or a vapor phase reduction. Improvements 
in the preparation of nickel catalysts 5 have led to highly active material 
which will bring about the hydrogenation of many ethylenic compounds 
in the cold. 6 Catalytic hydrogen adds most rapidly to isolated double 
bonds, less so to open-chain conjugated double bonds, and least of all 
to the conjugated double bonds present in aromatic ring systems. 
Consequently, by a suitable choice of catalyst, temperature, and pres¬ 
sure, hydrogenation may often be made selective 7 and may almost 
always be made complete. The failure to reduce certain biphenyl 
derivatives is apparently the one case in which catalytic reduction of 
ethylenic linkages has not been possible.* 

Oxidation. Under the general topic of oxidation a closely related 
group of reactions will be considered, some of which lead to the addition 
of an atom of oxygen or two hydroxyl groups to an ethylenic linkage, 
while the others lead to cleavage of the molecule at the double bond. 
The first few reactions arc useful primarily in synthetic work; the 
remaining reactions are useful chiefly in degradative studies. Peracetic, 
perbcnzoic, and monoperphthalic acids form epoxides by addition of an 
atom of oxygen to ethylenic linkages. The reaction is of somewhat 

4 Scmmlcr ami Jnkubowicz. Her., 47. 1143 (1914); Blumaim and Zcitschel, Her., 47. 
2023 (1914); Wi.idaus, Ber.. 53. 488 (1920). 

* Metal combinations, which are discussed inoic fully in connection with the reduction 
of carbonyl compounds, will reduce the ethylenic side chain in styrene and its analogs 
but will not reduce the side chain in ullylbenzcnc and its analogs. Toward metal combi¬ 
nations and toward a variety of other reagents, styrene and the substituted vinylbenzeucs 
Udrnvc like substances containing a conjugated system of ethylenic double bonds. Con¬ 
sequently, those reactions of styrene and its analogs which are the reactions of con¬ 
jugated systems will Ik* discussed under that heading. 

6 Covert and Adkins. J. Ain. Chrm. Soc.. 54. 4116 (1932). 

6 Dupont, Hull. soc. chim., (5J 3, 1021 (1936). 

7 Spiith, Her., 70A. S3 (1937); Adkins. Jnd. Eng. Chen ... 32. 1189 (1940). Compare 
reference 50(6). and p. 797. 

8 IValdclund. Zartman, and Adkins. J . Am. Chan. Soc., 55, 4234 (1933). 
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limited applicability, and epoxides are not the sole products. Accord¬ 
ing to Bocsekcn, who has made the most thorough study of the reaction, 
the process involves the addition of a mole of peraeid followed by the 
elimination of a mole of acid.’ 

RCO-OH + >C=C< — X-C< — + RC0,H 

I I \fX 

oil ocon 


Many ethylenic compounds on treatment with the iodo-silver benzoate 
complex furnish the benzoates of 1 , 2 -glycols." In a few cases the 
acetates of 1 , 2 -glvcols can be obtained by treatment of an ethylenic 
compound with lead tetraacetate." The 1,2-glycoLs themselves result 
from the catalyzed addition of hydrogen |x-roxidc to ethylenic double 

bonds. 12 , , * * | . 

Potassium permanganate rends with many but not all ethylenic 

double bonds. A safe generalization is that permanganate will react 
readily with any ethylenic linkage where each ethylenic carbon atom 
holds at least one atom of hydrogen, and it will react with many ethyl¬ 
enic linkages where one ethylenic carbon atom holds at least one atom 
of hydrogen, but it will rarely react with completely substituted ethy eme 
linkages. Obviously, Baeyers qualitative test for the ethylenic linkage 
using permanganate is not reliable. However, when it does read, 
permanganate is extremely useful. It can lx- used ,n alkaline neutral, 
or acidic solution and in water or acetone. If it is used in cold, buffered 
dilute, aqueous solution the reaction leads to the addition of two hydroxyl 
groups and the product is a 1,2-glycol ■* Ordinarily, however, he 
oxidation is carried further and the molccu e is cleaved between the 
carbon atoms originally joined by the double bond to furnish aldehydes, 
ketones, and acids. Such oxidative cleavage-with permanganate is 
often used in the determination of structure. In so doing it should bo- 
kept in mind that ethylenic linkages frequently shift ... tlx- presence of 
alkali so that the end products of permanganate oxidation, though show¬ 
ing accurately enough the whole of the parent molecule, may not 
indicate the original position of an ethylenic linkage. 

* BSosckcn nnd Kl.cn. Krc. bar. cAu-.. ^ 7 ' 

""ftt'SSi^V^. .wn. c,,i.. ,. 3.S (.0391 

lt ’ n EMmroth^nd*SchweUer. !<■' . 66 . 1376 <19231: Inn.. 481. 203 (19311. 

■> Mihu, and SiuHiinn. J. A,„. S~. 69. 2345 « 037 : sunn,nnn. nnd M«on. 

ibid., 61. 1H44 (19391. ( U ,n„n,c 1 reit*. B.r 72. 5 110.19). With ccrU... <-U.ylcn« the 

glycol. termed n.o cleaved lo aldehyde, by the <naie reagent. Cr.egec nnd Richter. A 
022. 04 (1036). 

'» Wagner, Dcr.. 21. 1230. 3347 <lb»8). 
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Chromic acid functions as an effective complement to permanganate 
as a reagent for the oxidative cleavage of ethylenic double bonds. 
Simple ethylenic compounds, which are oxidized satisfactorily by 
permanganate, are attacked too vigorously by chromic acid for it to be 
of value. Highly substituted ethylenic compounds, particularly highly 
phenylated compounds, which are unaffected by permanganate are 
frequently oxidized by chromic acid to furnish significant products. 

The addition of ozone to the ethylenic double bond followed by 
decomposition of the resulting ozonides—ozonolysis—is the most 
general and reliable procedure for oxidative cleavage with simultaneous 
location of the double bond, 14 although ozone is not so specific a reagent 
for the ethylenic linkage as was formerly believed. 14 The method has 
the decided advantage that it permits isolation of the primary cleavage 
products, for the excess oxidant, ozone, can be removed before the 
ozonide is cleaved. In oxidations, with permanganate and chromic 
acid the cleavage products arc exposed to the action of the oxidant. 

>c—C< + 0, -> >C— O—O—C< —> >0=0 + 0=C< + HjOj 

I- o -1 

Care must be taken in decomposing ozonides not only because they are 
often highly explosive but also because the hydrogen peroxide formed 
in this process may destroy the primary cleavage products. This latter 
complication may be largely offset by reductive decomposition, 16 but 
the decomposition of ozonides is more complex than the simple form¬ 
ulation given above. 17 

Ozone reacts more rapidly with open-chain ethylenic linkages than 
with those present in aromatic ring systems, and it reacts more rapidly 
with a carbon-carbon than with a carbon-nitrogen double bond. Thus 
the ethylenic linkages in the side chain arc attacked on ozonization of 
phenylated cthylcncs, and the ozonization of triphenylisoxazole fur¬ 
nishes the benzoate of benzil monoxime. 18 

CfiHbC-CCflHft q CJUCCOCJI* 

II II II 

N—O—CCellft 1,0 N—O—COCeHs 

14 I.on Kf Chcm. Rev., 27. 437 (1940). 

11 Durlund and Adkins. J. Am. Chcm. Soc.. 61. 429 (1939). 

18 Fischer, Dali, and Ertcl. Bcr.. 66. 1467 (1932); Whitmore and Church. J. Am. 
('/urn. Soc., 64. 3710 (1932); Church, Whitmore, and McGrew, ibid., 66. 176 (1934). 

17 Brincr, Perrottct. Paillard. and Susz, Hclt. Chim. Ada. 19. 1163 (1936); Briner and 
do Nemitz. ibid., 21, 748 (193S); Brincr, do Ncmitz. and Perrottct. ibid., 21. 762 (1938); 
Brincr, Franck, and Perrottct, ibid., 22, 224 (1939). Theso articles contain a discussion 
of tho structure of ozonides. 

,8 Meisenheimer, Bcr., 64, 3206 (1921). 
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In general, however, the presence of a carbon-nitrogen double bond 
leads to complications which may render the results of ozonolysis incon¬ 
clusive. Quantitative data on the rates of ozone addition to ethylenic 
compounds indicate that the loading of ethylenic carbon atoms with 
phenyl groups or halogen atoms decreases the rate of addition. 19 

Ethylenic hydrocarbons may be converted to ethylene oxides by 
means of oxygen and a catalyst, usually silver, at high temperatures.-' 

Halogens. Chlorine, bromine, and iodine add to many ethylenic 
compounds. Of the three halogens, bromine is the most useful; chlorine 
is too reactive, and its use is often accompanied by substitution, while 
iodine adds to but few ethylenic compounds. With simple ethylenic 
compounds, the reaction with chlorine at elevated temperatures and in 
the presence of small amounts of oxygen results almost completely in 
substitution. Thus, propylene furnishes ally! chloride. 51 

The instant decoloration of a bromine solution without, the evolution 
of hydrogen bromide is a valuable qualitative test for an ethylenic 
linkage, but a negative result with this test is not conclusive. As an 
approximation, the rule which was given for the oxidation of ethylenic 
compounds with permanganate may be applied to the addition of 
bromine: bromine will add to any ethylenic linkage where each etl.ylemc 
carbon atom holds at least one atom of hydrogen, and it will add to 
many ethylenic linkages where one of the ethylenic carbon atoms holds 
at least one atom of hydrogen, but it will rarely add to completely sub¬ 
stituted ethylenic linkages. This rule is a very gross approximation 
because it docs not take into account the chemical nature of the sub¬ 
stituents. Unfortunately not a great deal of precise information is 
available about the effects of single substituents on the addition of 
bromine, but it has long been known that the loading of an ethylenic 
linkage with halogen atoms or aromatic groups will hinder addition or 


prevent it completely . K . , , ... 

Frequently the products of addition of the halogens to ethylenic 
linkages will dissociate under suitable conditions to regenerate the 
ethylenic compound and halogen-in other words, the process is revers¬ 
ible. In the great majority of reactions, however, addition is either 
essentially complete or else it does not take place to an appreciable 
extent so that the primary concern is with rates of reaction. In this 
connection it should be emphasized that bromine addition is very 


»• Noller Curson Martin, nnd Ilnwkina. J. Am. Chon. S><.. 58. 24 0930). 

- Carbide andC^n Chemical. C«r,,. U. S. Sf?**™* 

Jl Groll, Hoornc, Hunt, and Vaughan. InJ. kng. ( hem.. 81. 1239 (1939) ; Vaughan nnd 
Rust. J. Org. Chcm.. 5. 449 (1940); ltu* and Vaughan. ,W.. 5. 472 (1940). 

M Bauer, Dcr.. 37. 3317 (1904); 40. 918 (1907); Reich, van \\ ijck. and Gaelic. licit. 
Chim. Acta. 4. 242 (1921) ; Ingold and Ingold. J. Chcm. Soc.. 2364 (1931). 
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sensitive to catalysis both by polar molecules and by light. The mecha¬ 
nism of halogen additions has been extensively investigated. These 
additions are, in almost every instance, trans, and the two atoms of 
halogen add stepwise, not simultaneously. In polar solvents the second 
step frequently involves some addend other than a second halogen atom 
so that along with 1,2-dihalogen addition products other substances 
are formed. 23 

Not only the halogens but also tliiocyanogen 24 and iodine mono¬ 
chloride and monobromide will add to ethylenic compounds. The 
addition of iodine monochloride and monobromide to the unsaturated 
glycerides present in such industrially important oils as cottonseed, 
olive, and the like, can be made a quantitative process by operating 
under strictly controlled conditions. The “iodine numbers" thus 
obtained, which are a measure of the unsaturated constituents present, 
serve as a basis for the control of quality of the oils. 24 The addition of 
the iodine monohalidcs is not satisfactory, however, as a general analyti¬ 
cal method for ethylenic compounds. 2 ® 

Halogen Acids. Hydrogen fluoride, 27 chloride, bromide, and iodide 
add to ethylenic compounds. The addition is often reversible, and the 
rate of addition, which is usually slow, is markedly subject, save with 
the fluoride, to catalytic acceleration. The halogen acids furnish the 
first important examples of unsymmctrical addends, and when hydrogen 
bromide, for example, adds to an unsymmetrically substituted ethylenic 
linkage two isomeric products may result. 

CH,CH 2 CH,Br <- CH,CH—CH*+ IIBr — CHaCHBrCHj 

These possibilities were recognized early in the development of organic 
chemistry, and MarkownikofT 28 in 1870 presented a generalization, 
based on observations of the behavior of a number of relatively simple 
ethylenic compounds, which has made it possible to predict in many 
reactions the major product of halogen acid addition. This generali¬ 
zation, known as Markownikoff’s rule, may be stated as follows: when 
a halogen acid (HX) adds to an unsymmctrical ethylenic compound, 

33 A review of the evidence for 6tepwisc addition of halogen and a discussion of ita 
stereochemical implications will lx- found in Hammett, “Physical Organic Chemistry," 
McGraw-Hill Book Co., New York (1940). pp. 147-151. Examples of halogen addition 
involving tho solvent arc rei>ortcd by Weber, Hcnnion, and Vogt, J. Am. Chcm. Soc., 61, 
1457 (1939). 

31 .Sodorback, Ann., 443. 142 (1925); Kaufmann and Ochring, Her., 69, 187 (1926). 

33 Wije, Her., 31, 750 (1S9S). Details of the method can bo found in most books dealing 
with commercial analytical methods. 

34 Furngher, Gruso, and Garner. Inti. Eng. Chcm., 13. 1044 (1921). 

37 Grosso and Linn, ./. Org. Client., 3. 20 (1938). 

3 * MarkownikofT. Ann., 153, 250 (1870). 
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the halogen (X) usually appears on the carbon atom carrying the 
smaller number of hydrogen atoms or the larger number of alkyl groups. 
This rule is approximate, not exact. The greater the differences in the 
chemical nature of the substituents on the ethylcnic carbon atoms, the 
more closely it is obeyed. Generally, however, it does serve to predict 
the major product of the reaction. While Markownikoff’s rule predicts 
adequately the mode of addition of hydrogen fluoride, chloride, and 
iodide, hydrogen bromide often adds in the opposite sense abnormal 
addition . 29 Recently it has been found that the addition of hydrogen 
bromide to simple ethylcnic compounds follows Markownikoff s rule in 
the absence of peroxides and that in the presence of peroxides or fer¬ 
romagnetic metals abnormal addition occurs.” Proper allowances for 
the peroxide effect and for solvent effects « are clarifying many of the 
discrepancies in the literature dealing with the addition of hydrogen 
bromide to ethylcnic compounds.* It must be emphasized, however, 
that this discussion of Markownikoffs rule has dealt only with its 
accuracy. No generally accepted theoretical explanation of the course 
of additions to simple ethylcnic cont|>ounds has been advanced . 12 

Inorganic Oxygen Acids. The inorganic oxygen acids, sulfunc and 
nitric, add to ethylcnic double l>onds.t Sulfuric "fid of various con¬ 
centrations up to 100 per cent either adds to ethylcnic linkages as II 
and OSO 3 II in accordance with -Markownikoff s rule to furnish alkyl 
sulfuric acids, or serves to add a molecule of water at the ethylcnic 
linkage and form alcohols. It has generally been assumed that the 
alcohol synthesis proceeds ini an alkyl sulfuric acid which undergoes 
subsequent hydrolysis. However, this interpretation is inconsistent 
with the facts that the yields of alcohols are favored by the use of dilute 
acid and low temperatures and that alcohols can be isolated from the 
reaction mixtures under conditions such that the alkyl sulfuric acids 
arc not appreciably hydrolyzed." 

M KharaBch. Kleiner, and Muyo. J °'S- 4 i 1 ? 8 / *... . .. 

* Kharaaeh and Mayo. 7. Am. 0*m. 66. 2 *us ( 9 .«.«». and later artn les. I or ,1 

summary of work on the peroxide effeet ... the ndd.t.on of halogen. ««d. and other addend, 
to ethylcnic compounds. Mayo and NN -dhn K . ( h. 17. 351>0040). 

« .Sherrill Mayor, and Walter. J. Am. Ch.m. S«.. 66. 11.0 <1934*: M.err.11, tb,d.. 66. 
1046 (1934); Lin.tcad and Hydon. J. Cb.m Sue.. -W-* (1934); Khuraach nnd l*ott«. J- 
Am. Chen. Soc.. 68. 57 (1930) ; Michael and \\ n-ner. J. OpChem 4. 531 (1939) j O Con¬ 
nor. Baldingcr, Vogt, and Ilen..ion. J. Am. < hen. 61. 1154 (1939). 

* The peroxide effect play* a part in the reaction* between ethylene* and other addend* 
than hydrogen bromide. *cc below under M.arcllany. p. 641. 

« Michael. J. Org. Chen.. 4. 519 (1939): Michael and Wiener. Ond.. 4. 531; 6. 3S9 
(19*10). 

t Many ethylcnic compound* rearrange and polymerize or polymerize directly in the 

presence of mineral arid*, t ompnre p. nil. 

** Brooks and Humphrey. •/- Am. Chen. S.*.. 40. 822 (1918); I’lant nnd Snigwn k. 

J. Sac. Chcm. Ind.. 40. 14 1 (1021). 
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In the absence of water it has been believed, following Wieland, 34 
that sulfuric and nitric acids added as HO—SO3H and HO — NO2 with 
subsequent esterification of the hydroxyl group in the compounds thus 
formed. In support of this view was the isolation of ethionic acid, 
carbyl sulfate, and /3-nitroethyl nitrate from the interaction of ethylene 
with sulfuric and with nitric acids. Michael has challenged this inter¬ 
pretation and has shown that the formation of ethionic acid and carbyl 
sulfate takes place only when fuming sulfuric acid is used. 36 For their 
formation he suggested the following processes: 

CH2=CH 2 + HOSO2OSO2OH HOiSC^CHaOSOaOH 


/°\ 

CH 2 =CH 2 + SO 2 so, 

N>/ 



Using nitric acid and ethylene Michael found that addition takes place 
as H—0N0 2 ; the nitro esters and nitroalkylenes isolated by earlier 
investigators are the result of an indirect nitration by means of the 
nitrous oxides generated by oxidative side reactions (p. 176). 36 

Hypohalogen Acids. Hypochlorous and hypobromous acids react 
readily with many ethylenic compounds. In certain of these reactions 
water solutions of the halogen are effective. When an alcohol is used 
as a solvent the product is often that substance which would be obtained 
by the addition of the alkyl hypohalitc corresponding to the alcohol; 
compare the mechanism of halogen addition, p. 637. In hypohalitc addi¬ 
tions to unsymmctrical cthylenes both possible products are usually 
obtained, but the principal product results from the addition of hydroxyl 
to the carbon atom holding the smaller number of hydrogen atoms 
(contrast the mode of addition of halogen acids described on p. 638). 
The addition of hypochlorous acid to propylene furnishes the same mix¬ 
ture of isomers in the same proportion that is obtained by the ring 
opening of propylene oxide by hydrochloric acid. 37 In line with this 
fact is the suggestion that hypochlorous acid and ethylenes react first 
to give ethylene oxides and hydrochloric acid; the oxides are then 
opened by the hydrochloric acid to form chlorohydrins. 38 


•‘Wieland und Sakcllarios. Bcr., 62. SOS (1919); 63. 201 (1920); Wicland and Rakn 
Bcr., 64. 1770 (1921). 

M Michael and Wiener. J. Am. Chem. Soe.. 68. 294 (193G). 

M Michael and Carlaon, ibid., 67, 126S (1935). 

,7 Smith. Z. phyaik. Chem., 93. 59 (1919). 

M Michael and Carlaon. J. Am. Chem. Soc., 67. 126S (1935). 
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Friedel-Crafts Reactions. A number of reactions may next be con¬ 
sidered whereby paraffins, cycloparaffins, and aromatic hydrocarbons, 
phenols, acyl halides, and a-cliloroethers may be added to ethylenic 
hydrocarbons. These reactions, which arc brought about under the 
influence of catalysts such as the chlorides of aluminum, zinc, and 
bismuth, boron trifluoride, hydrogen fluoride, and sulfuric acid may be 
considered as variants of the Friedel-Crafts syntheses (pp. 179, 553). 

(CHj)aCH + CH*-=CH, — (CH,) a CCH 2 CH* » 

C«H 6 OH + CH 3 CH=CH 2 — C*H»OCH(CH*)i 40 
C.H^COCl + CII«—CH» - C«H»COCH»CHiCl - C.IUCOCH—CH S + HC1 41 
C1CH,0CH, + CH.CH—CH, - CH,CHClCH,CH*OCH, 43 

They are applicable to a wide range of ethylenic compounds. Unless 
the reactions arc carried out under carefully specified and controlled 
conditions complex mixtures of products arc likely to result, for the 
same catalysts which arc effective in the above addition processes are 
also the ones which usually polymerize ethylenic hydrocarbons. 43 
Although these reactions are not of much importance in the laboratory, 
they are of tremendous importance in the manufacture of fuel for 
internal-combustion engines. 

Miscellany. A final group of reactions, the addition of sulfur com¬ 
pounds, nitrogen compounds, and mercuric salts, remains to bo con¬ 
sidered. These addition reactions are of less general applicability than 
those already discussed, and their study has not progressed to the same 
extent as the study of the addition reactions considered earlier. 

Sulfur chloride adds to many cthylcncs: the reaction is the basis for 
the manufacture of mustard gas. 

2CH*=CH, + S 5 CI 1 - ClCll*CH*SCHtCH 2 CI + S 

Sulfur and hydrogen sulfide react with cthylcncs to form merenptans 
so that the final products in the reaction between these substances and 
ethylenic hydrocarbons are the products resulting from the addition of 

* Ipatieff, Gross**. Pinos, and Komurcwski. ibid., 68. 913 (1930); Ipatieff, Corson, and 
PincB. ibid., 68, 919 (193G>. 

40 Sown. Hinton, and Nieuwlnnd. ibid., 64. 309-1 (1932); Nicderl and Whitman. «6««/., 
66, 1900 (1934). 

41 Norris and Couch. ibid., 42. 2329 (1920); Allen. Crewman, and Bell. C<i/.. J. lie- 
search, 8. 440 (1933); Colonic und Mostafuvi. Hull. »"C. chim., 15) 6. 335 (1939). 

«* Scott, U. S. put. 2.024.749 (1935); Straus and Thiel, Ann.. 625, 151 (1930). 

« Ipatieff and Crosse, J. Am. Ch,m. Svc.. 67. 1010 (1935); 68. 015 (193G>; Noah and 
Mason, Ind. Eng. Chcm., 26. 45 (1934). 



642 


ORGANIC CHEMISTRY 


mercaptans to the double bond. 44 The peroxide effect is encountered 
in the addition of mercaptans. In the addition of bisulfite to ethylenes 

Peroxide _ _ _ Peroxide 

CHaCHzCHiSCHiCHa <- CH 3 CH=CH 2 + CjH^SH —- > 

present absent 

(CH 3 ) 2 CHSCH 2 CH 3 

the presence of oxygen or peroxides is essential. 45 

Nit rosy 1 chloride, nitrogen trioxide, and nitrogen tetroxide add to 
many trisubstituted ethylenes and have been widely used in the terpene 
series in order to secure solid derivatives. The bimolecular addition 
products originally formed undergo, whenever possible, a shift of a 
hydrogen atom to furnish oximes. 46 

2R 2 C=CHR + 2N0C1 -> [R 2 CC1C(N0)HR], -♦ 2R 2 CC1CR 

NOH 

Recent studies on the trioxide and tetroxide additions indicate that the 
reactions are more complex than was formerly believed and that earlier 
generalizations are of doubtful validity. 47 Phenyl azide and diazo¬ 
methane add to a limited number of ethylenes, the reactions serving as 
a method of synthesis of triazoles and pyrazoles. 48 

CeH»CH Nv CeHftCH-NC«H 6 

|| + || >NC.H* — | | 

CH, CHf N 

CH*—CHBr + CH 2 N 2 — CH 2 -CH^ 

I >N 

CHBr—NH/ 

Organomagnesium halides do not add to the ethylenic linkage. The 
elements of methoxymercuric acetate do add to ethylenes to give 

44 1 osnor. Der., 38. G40 (1905); Ashworth and Burkhardt, J. Chcm. Soc., 1791 (1928); 
Carotlnrs. J. Am. Chcm. Soc., 55. 2008 (1933); Jones and Reid, ibid., 60. 2452 (1938); 
Ipatieff, Pines, and Friedman, ibid., 60, 2731 (1938); Mayo and Walling. Chcm. Rev., 27, 
351 (1940). 

44 Kharasch, May. nnd Mayo. J. Org. Chcm., 3. 175 (1938); Kharasch, Schenck, and 
Mayo. J. Am. Chcm. Soc.. 61. 3092 (1939). 

44 Schmidt. Ber.. 35. 2323. 3727 (1902); Schmidt and Leipprand, Bcr., 37. 532 (1904); 
Wieland, .Inn., 424. 71 (1921). 

47 Michael and Carlson. J. Org. Chcm., 4. 169 (1939); 5, 1. 14 (1940). 

48 Wolff. Ann., 394, GS (1912); Alder and Stoin. Ann.. 601. 1 (1933); Oliveri-Mandala 
Gaze. chim. ital.. 40 (1). 117 (1910); Wieland and Probst. Ann., 530, 274 (1937). 
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products stable in non-acidic media. The addition is accelerated by 
electron acceptors and retarded by electron donors.* 9 

The Carbon-Oxygen Double Bond 

The carbonyl group occupies the same position of major importance 
among unsaturations shared by two unlike atoms which the ethylenic 
linkage holds among unsaturations shared by two like atoms, and the 
addition reactions of the carbonyl group are, for synthetic purposes at 
least, of greater importance than those of the ethylenic double bond. 
There are wide variations in the rates of addition to carbonyl com¬ 
pounds and equally wide variations in the positions of equilibrium of 
such of the addition reactions as are reversible. Detailed information 
on the relative reactivities of carbonyl compounds in addition reactions 
is found in Chapter 13 (p. 1049) and in the paragraphs below. 

Reduction. In contrast with the ethylenic linkage which is amen¬ 
able only to catalytic hydrogenation, the carbonyl group can be reduced 

both catalytically and by means of metal combinations. Catalytic 
reduction lends to the formation of primary alcohols from aldehydes 
and secondary alcohols from ketones. The carbonyl group often acts as 
a poison to platinum catalysts; the catalyst must then either be reacti¬ 
vated by frequent shaking with oxygen or protected by the addition of 
an iron salt. Such use of iron salts as promoters often makes possible 
the preferential reduction of a carbonyl group in the presence of an 

ethylenic linkage. 40 . 

Metal combinations, which have not been considered up to this time, 
consist of a base metal (sodium, zinc, magnesium, and various amalgams) 
with a hydrogen donor which may be either an acid, a base, or a neutral 
molecule such as water or alcohol. Aldehydes on reduction with metal 
combinations furnish primary alcohols. Ketones, however, on similar 
treatment undergo bimolecular reduction and give almost exclusively 
1,2-glycols, known as pinacols. When magnesium amalgam is used, a 
magnesium derivative which furnishes the pinacol on acidification can 
be isolated. This fact indicates the importance of the metal in bimolec¬ 
ular reductions, and it has been suggested that such reductions proceed 
through the addition of the active metal to the oxygen atom with for¬ 
mation of a complex having a free- valence. This complex can combine 
either with a similar complex or with a second atom of metal. Decompo- 

** Wright. J. Am. Chi in. .Sec-. 87. HKKI ( ItOSl ; Bilk. »ml Wright, ihid.. 6a. -'ll-' tltMUl. 

“(a, Adams and Garvey. iHil.. <8. 477 (!!>-•» I (M Wcygand and Werner. II. r.. 71 
2409 (1038); (e) Suuor und Ad kina. J. Am. Ckem. Sue.. 69. 1 (1937). 
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sition of the resulting metallic derivatives by the hydrogen donor fur¬ 
nishes the final products. 61 

2(CH 3 )jC=0 — (CHj)jC -C(CHj)j (CH,),C-C(CH,), 

II II 

O O OH OH 

\ / 

Mg 

Complete reduction of the carbonyl group to a methylene group is also 
possible using metallic combinations (the Clemmensen procedure 
employing amalgamated zinc and hydrochloric acid 62 ) or by way of the 
hydrazones or semicarbazones and alkoxidcs (WolfF-Kishner method M ). 
In certain cases this type of reduction can be effected catalytically. 64 

A third method for reducing many aldehydes and some ketones to 
the corresponding alcohols depends upon the simultaneous dehydro¬ 
genation of an alcohol to a carbonyl compound. 66 

Al(OCfHs)) 

CCljCHO + CII 3 CH 2 OH < > CCUCHaOH + CH3CHO 

The reaction is reversible, and the carbonyl compound formed must 
be removed in order to carry the reaction to completion. As may be 
observed from the illustration, this process permits the reduction 
of carbonyl groups even when there arc present other reactive groups 
which would be attacked by the ordinary reducing agents. Many 
reductions of carbonyl compounds which have been ascribed to 
the Grignard reagent are in reality due to the process just described. 
For example, the reduction of bcnzaldehydc on treatment with an insuffi¬ 
cient amount of ethylmagnesium bromide is a result of the reaction 
between the bromomagnesium alkoxidc of ethylphcnylcarbinol and the 
excess bcnzaldehydc. 66 A limited number of carbonyl compounds can 
be redi cd by the Grignard reagent itself; the process is entirely different 
from th alkoxidc reduction and will be described in connection with 
the addition reactions of the Grignard reagent. 

Organic acids are extremely difficult to reduce. This probably indi- 

41 Willstattcr. Seitz, and Bumm. Dcr., 61. 871 (1928). 

42 Clemmensen. Dcr., 46. 1838 (1913); 47. 51, 681 (1914); Martin, J. Am. Chem. Soc., 
68. 1438 (1930). 

M Wolff. /Inn., 394, 8G (1912). 

64 Faillebin, ComjA. rend., 177, 1118 (1923). 

65 Mecrwcin and Schmidt. Ann.. 444. 221 (1925); Lund, Bcr., 70. 1520 (1937) ; Bersin, 
Z. angew. Chcm., 53. 2G6 (1940). For a special method of reducing aromatic aldehydes to 
primary alcohols with simultaneous oxidation of formaldchydo to formic acid seo tho 
Cannizzaro reaction (p. 649). 

68 Mcisenhcimcr, Ann., 446, 76 (1926). 
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cates the absence of a true carbonyl group in the acids themselves, for, 
as soon as the dissociable hydrogen atom is removed by esterification 
or by the formation of derivatives such as lactams, anhydrides, or 
chlorides, reduction takes place more readily. 

Alkali Bisulfite. On treatment with an aqueous solution of an alkali 
bisulfite, almost all aldehydes, many methyl ketones, and a few cyclic 
ketones will add a mole of bisulfite and form alkali salts of a-hvdroxy- 
sulfonic acids. 57 These salts are crystalline solids, sparingly soluble in 
the presence of excess bisulfite, and arc of practical importance in the 
isolation of carbonyl compounds. Since, further, the addition reaction 
is reversible, the alkali bisulfite can be destroyed either by alkali or 
acid and the crrbonyl compounds can thus be regenerated; the addition 
products are useful in the purification of carbonyl compounds. 




H 


R—c; + NaHSOj 


/ H 

R—C—OH 

I 

SO s Na 


With simple carbonyl compounds the rate of bisulfite addition is 
decreased by increasing the size or the complexity of the hydrocarbon 
residues attached to the carbonyl carbon atom. The data in Table I 


TABLE I M 



Per Cent Reacted After One Hour 

Substance 

KHSOa 

NH-OH 

CtHfrNHNH* 


70-90 

(CtHfcCHO 85) 

• • 

CHiCOCHa .. 

22 

82 

GG 

CHiCOCII«»CHa . 

14 

75 

52 

CHaCOCHoCHiCIIt. 

12 

72 

38 

CHaCOCII(CHa)* .. 

3 

33 

15 

C»II*COC>H». ... 

2 

38 

11 

CH»COC*!K .. 

1 

8 

4 

CHj—CH 2 

/ \ 

CH* CO ... 

35 

92 

40 

\ / 

CHj—CHj 





47 Raschig and I’rohl. Bcr., 61. 179 (1938); I-nuer and Langkanuncrcr. J. Am. Chcm. 
Soc., 67. 2300 (1935) ; Cuughlan and Tartar, ibid.. 63. 1205 (1941). 

» Petrcnko-Kritschenko und KanUchcd. Bcr., 39. 1452 (1900). Comparo also Stewart 
/. Chem. Soc., 87. 180 (1905). 
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illustrating these effects are of fundamental importance in any con¬ 
sideration of the addition reactions of the carbonyl group, for, as will 
be seen later, toward other addends the order of reactivity of simple 
carbonyl compounds is, with few exceptions, the same as that toward 
bisulfite. This statement is not to be interpreted as indicating that the 
steric effects just mentioned are the only factors determining the rate 
of addition to the carbonyl group but rather that they are usually the 
predominant factors. 

Hydrogen Cyanide. In the presence of a base, hydrogen cyanide 
will add reversibly to the carbonyl group to form an hydroxynitrile 
(p. 1035). 89 This reaction, which is of wider applicability than the 
bisulfite addition, is a valuable synthetic tool. 



O + HCN 




Grignard “Reagent (p. 495). The Grignard reagent adds irreversibly 
to formaldehyde to yield primary alcohols; to other aldehydes and to 
esters of formic acid to furnish secondary alcohols; and to ketones and 
esters of organic acids other than formic to yield tertiary alcohols. 
Three other reactions, reduction, replacement of a-hydrogen, and con¬ 
densation, may, however, interfere with the normal addition of the 
Grignard reagent to the carbonyl group. Thus, when diisopropyl 
ketone is treated with isopropylmagnesium bromide, the products are 
diisopropylcarbinol and propylene; when acetomcsitylene is treated 
with methylmagnesium iodide it evolves one molar equivalent of methane 
and forms an iodomagnesium enolatc from which acetomcsitylene can 
be recovered on acidification; and when ethyl phcnylacctatc is treated 
with isopropylmagnesium bromide, condensation to a,y-diphenylaceto- 
acctic ester occurs. The correlation of these three reactions and addition 
with the structures of various carbonyl compounds and Grignard 
reagents is illustrated in Table II. 

From the data in Table II it is seen that an increase in the size or 
the complexity of the groups present in the carbonyl compounds or the 
reagent generally decreases the extent of the normal addition reaction. 
However, size and complexity of the substituent groups are not the only 
significant factors. A definite amount of complexity causes less inter¬ 
ference with addition when it is present in the ketone than when it is 
present in the reagent. These complications so curtail the effectiveness 
of the Grignard reagent as a synthetic tool that, by present methods, 

69 I.apworth, J. Chcm. Soc., 83. 995 (1903); Lapworth and Mauske, ibid., 2533 (1928) 
1970 (1930). 
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TABLE II 60 


Substance 


CH 3 CHO. 

(CH 3 )*CHCHO. 

(CHahCCHO. 

CH 3 COCH 3 . 

CsLUCOCjH*. 

CH 3 COCH (CH 3 )*. 

CH 3 COC(CH3)3. 

(CH3) 2 CHCOCH(CHO: 
(CH)) a CCOC(Cf!»)s ... 

(CH 3 ) 2 CHC0 2 C 2 H*. 

CeH 6 CH 2 C0 2 C 2 H$. 

CftHsCOCcIIs. 



n-C«H*MgBr 

|AO- 

lert.- 

CH,MgI 

or 

C 3 H;MgBr 

CiHjMgC'l 


».-C 3 H T MgBr 

AA 


A 

A 

A 


AA 

A It 


AA 

AR 

RR 

AA 

AA 

AA(C) 

A 

AA 

AA 

AA 

C 

AA 


AA(R) 


A A 

■Kin 

EC 

EC 

AA 


RR 

RR 

AA + 

WrM 

RR 

RR 



RR 



iHii 

EE. CC 


A A 

u 


A A 


A - addition. It - reduction. + - no reaction niih C.IUMglU C - condensation. 
K - replacement of «.||. A ein«lr letter indicate* u|.,.ro M n,utel> oO per rent reaction. « double 
letter indicate* areater tl.an AO per cent rroct.o.. 

it is not possible to prepiire secondary alcohols containing two tertiary 
groups or tertiary alcohols containing more than two branched-eham 
groups The mechanism of reduction by organomagnesmm halides is 
not agreed upon; reduction can generally be avoided by using instead of a 
Grignard reagent the corresponding orgnnolitluum compound, and 
frequently the organolithium compounds will add to carbonyl groups 

that are unattacked by the Grignard reagent." 

Reformatsky Reaction (p. MS). The Rcformatsky reaction" is 
related to the Grignard reaction. The preparation of a Gr.gmud 
reagent from a bromocster is not practicable, for the organomag.icsmm 
compound formed from one molecule reacts with the ester group present 
in a second molecule. Treatment of an ester of an a- or 0 -bromoaeid 
with zinc in the presence of an aldehyde or ketone results 111 the forma¬ 
tion of an ester of a 0- or 7 -hydroxyorid. The Rcformatsky reaction, 
because of its selectivity and wide applicability, is a valuable method 
for the synthesis of hydroxyesters and their dehydration products. 

All the addition reactions of the carbonyl group which have been 
considered up to this point can be formulated in the same way: the 

M Conant and Blatt. J. A-. < >..». .W.. 61. 1227 <1929.; Co,...... Webb, and Mondum, 

Hrid., 61. 1240 (1926); Watt and Stone. 64. 1495 (1932); Rharaacli and W einliouae. 

J. Org. Chcm.. 1. 209 (1930). 

61 Wittig and Petri, lirr.. 68. 924 (1935). 

m lieformataky. lirr.. 28. 2M2 (IK95>; Haberland and Hcinnrh. Her.. 72. 1222 (1039). 
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addition of hydrogen, or a metal which is replaced by hydrogen in the 
final product, and a second fragment A. The mode of addition is 
always such that hydrogen adds to oxj'gen while the balance of the 
addend goes to carbon, and the primary addition products always con¬ 
tain an hydroxyl group. 



In the mode of addition to the carbonyl group there is no such ambiguity 
as is observed in the addition of unsymmctrical reagents to the cthylcnic 
double bond. 

Synthesis and Condensation. The same formulation, addition as H 
and A, applies also to the reactions of condensation and synthesis with 
carbonyl compounds which are next to be considered. In these two 
groups of reactions, however, the primary hydroxyl-containing addition 
products are seldom isolated; instead the reactions usually go a step 
further and a molecule of water is eliminated with the formation of 
unsaturated compounds. The distinction made here between reactions 
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of condensation and synthesis is a practical rather than a rigorously 
logical differentiation; in reactions of synthesis new carbon-to-carbon 
linkages are formed.* 

In their reactions of synthesis, aldehydes display greater versatility 
than ketones. Aldehydes will undergo reactions of synthetic value with 
themselves, with other aldehydes, with ketones, and with other classes 
of unsaturated compounds. The course of the reaction between two 
molecules of an aldehyde depends both upon the structure of the alde¬ 
hyde involved and upon the condensing agent employed. Thus, if an 
aldehyde such as bcnzaldehydc which has no a-hydrogen atoms is 
treated with cyanide ion, certain metals, or ultra-violet light, a benzoin 
is formed. 63 

2CeH*CHO 7=* CeEUCHOHCOC*H 6 

The reaction is reversible, 64 and it is possible to prepare mixed benzoins 
by the interaction of two different aldehydes. 66 None of the mechanisms 
suggested for the reaction has gained general acceptance. If, instead 
of cyanide ion, strong alkali is employed, the Cannizzaro reaction takes 
place. 66 In this reaction one molecule of aldehyde is oxidized to the 
corresponding acid while the second is reduced to a primary alcohol. 

2CH-0 + NaOH —► CHjOH + HCOjNa 

The presence of peroxides is essential. 67 A crossed Cannizzaro reaction 
using formaldehyde and an aromatic aldehyde offers a convenient 
method of reducing the aromatic aldehyde essentially quantitatively 
to the corresponding primary alcohol. 66 Still a third variant is the 
Tischcnko reaction whereby two molecules of an aldehyde, which may 
or may not contain a-hydrogen atoms, are converted to an ester by the 
use of an alkoxidc catalyst. 6 * 

2RCHO A "° C ’" - > RCO.CH.R 


• Whcro no dietinction is desirable. it is not uncommon to find tho term ••condensa¬ 
tion" applied to reactions resulting in n new ear bon-ear bon t . 

••Schorigin. Issaguljun*. and Gussewa. Dir.. 66. 1431 (1033); Wohler and Liebig. 

n •«Smith 0 05 (1893); Anderson and Jacobson. J. Am. Chcm. Svc.. 45. 830 
(1923) ; Buck and lde. ibid.. 63. 2350. 2784 (1931). 

•* Buck and lde. ibid.. 62. 220. 1107 (1930). 

•• DeU'pine and Horeau. Dull. sue. chim.. 15) 4. 1524 (1937); Eitel and Lock. Monatsh.. 
72, 410 (1939). 

« Kharaseh and Foy. /. Am. Chcm. Sue.. 67. 1510 (1935). 

M Davidson and Bogcrt. ibid.. 67. 905 (1935). 

•• Tischcnko. J. Chcm. Soc.. 92. 182. 282. 284 (1907). 
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When an aldehyde having an a-hydrogen atom is treated with acids 
or bases aldolization takes place. 

'H sH 

CH 3 a< + CH. 


'<o + CH <0 


CH 3 CHOHCH 2 C<f 


This first step is easily reversible. A second step, loss of water, which 
is brought about by the same catalysts, is also, but less readily, reversi¬ 
ble. 

/H /H 

CH 3 CHOHCH 2 C< «=± CH 3 CH=CHC4 + h 2 o 

The unsaturated aldehyde formed as a result of aldolization can react 
with another molecule of aldehyde. 

Al /H /H 

CH*CH—CHC^ + CHsC \ q *=* CH 3 CH=CIICHOHCH 2 C^ j=£ 


ch 3 ch=ch—ch=ch 


< 


+ h 2 0 


Progressive aldolization of this type which takes place in the presence 
of strong bases leads eventually to aldehyde resins. 

The term aldolization need not be limited to the reaction between 
two molecules of an aldehyde. It can equally well be applied to all 
those reactions of synthesis which involve the addition to a carbonyl 
compound of an unsaturated compound containing an a-hydrogen 
atom. The primary hydroxyl-containing addition products are seldom 
isolated, however, except in the reaction between two molecules of an 
aldehyde. When the two components are an aldehyde and a ketone, 
the product is usually an unsnturated ketone. 

C*H»CHO + CH 3 COC«Hs «=* CJI*CIIOHCH 2 COC 6 H 5 «=* 

C«H 6 CTI=CHCOC 6 Hs + H 2 0 


When two a-positions are available in the ketone both may usually be 
made to react and often both the possible products can be obtained. 

C,II»CHO + CIIjCOCH* ?=2 C*H»CH=CHCOCHj + H,0 
CcIUCH—CIIOOCH* + C.H*CHO ^ C.H*CH=CHCOCH=CHC«H, + H,0 


When an unsymmetrical ketone is employed, the course of the reaction 
can be controlled by the choice of the catalyst. 70 

70 Harries and MOiler, Ber., 35. 966 (1902). 
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CeH 4 CH=CHCOCH 2 CH a + h 2 o 


NaOH 


/ 


H 


C 6 H 6 C + CHaCOCHjCH, 



\\HC1 CH, 

V- CeHsCH==CCOCH, + H 2 0 


The carbonyl group in ketones is less reactive than that in aldehydes. 
As a consequence aldolization between two molecules of a ketone takes 
place but rarely. Exceptions are to be found in the most reactive 
ketones, acetone and cyclohexanone. 

2CH.COCH, J=i (CHj)sCCH-COCHj s=± (CH^C—CHCOCH, + H,0 

OH 


Aldolization followed by loss of water will also take place between an 
aldehyde and an acid anhydride-the Perkin synthesis-.f the reaction 
is forced by sufficiently drastic conditions. The anhydride, perhaps as 
an cnolate, adds to the aldehyde, the sodium salt serving as a basic 


catalyst. 

/ H 

C tlUCC + (CH*CO)tO 


Cll»CQiN« 


[ cwucnciucoocociu 

I - 

OH 

C,mCII=CHC0 2 H + ch 3 co 2 h 


In support of this mechanism is the fact that the sodium salt can be 
replaced by other basic catalysts, certain amines, or inorganic salts such 
as potassium carbonate. Further, when the Perkin reaction ,s run with 
bcnzaldehyde, the salt of one organic acid and the anhydride of a differ¬ 
ent organic acid, or with equilibrated salt-anhydr.de mixtures, the ratios 
of cinnamic acid and substituted cinnamic acid formed are consistent 
with the equilibrium position of the interchange reaction 

2CHiCO,Xa + (KCHiCO)iO ^ (CH,CO)jO + 2ItCHjCO»N’a 


only when it is assumed that the anhydride condenses with the alde¬ 
hyde. The interpretation just given is the original one advanced by- 
Perkin; it was for many yearn believed, following F.ttig that the reac¬ 
tion involved addition of the sodium salt to the aldehyde and that the 
anhydride dehydrated the resulting addition product.* 

•The interpretation given aliovc i» . r«ult of the work of -evcrul <-l.e.ni.t. An 
important contribution to thi. interpretation and an admirable ...rvey of all the ev.dcneo 
i. given by Brealow and Hauecr. J. A,n. Ckcm. 6oc., 61. 7S0 (1039,, and by H.uwr and 
Brcalow. ibid., p. 703. 
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Aldehydes and occasionally ketones may undergo aldolization with 
esters. Metallic sodium or an alkoxide in an hydroxyl-free solvent is 
employed as a catalyst. 


(CH 3 ) 2 CO + CH 2 C0 2 C 2 H 6 (CH 3 ) 2 C=C—co 2 c 2 h 6 


ch 2 co 2 c 2 h 6 


CH 2 C0 2 C 2 H6 


+ h 2 o 


In the aldolization processes just described the carbonyl group has 
played a dual role; in one molecule it has served as the unsaturated 
group to which addition takes place, and in the second molecule it has 
served to activate a hydrogen atom in the a-position sufficiently to bring 
about addition. This second role of activating c*-hydiogen atoms is 
also played by other unsaturated groups, and aldolization will take 
place, for example, between a carbonyl compound and an aliphatic 
nitro compound or a nitrile.* 

/H 

C«H 6 C4 + CHjNOt «=± C«HiCH—CHNOt + H a O 


/H 

C e H»C4 + C e H 6 CH 2 CN ♦=* CeH 6 CH=C(CeH $ )CN + H 2 0 

At the beginning of this chapter it was stated that the activating effect 
of unsaturated groups on adjacent atoms was second in importance 
only to the ability of these unsaturatcd groups to undergo addition 
reactions. The variety and usefulness of the various aldolization 
reactions which have just been described serve to illustrate this state¬ 
ment. 

The most important condensation reactions of the aldehydes and 
ketones are those with aniline, hydroxy la mine, hydrazine, phenylhy- 
drazine, and semicarbazide. The first of these gives rise to SchifF’s 
bases; the remaining four furnish oximes, hydrazones, phenylhydrazones, 
and semicarbazones—derivatives frequently used for the isolation and 
identification of carbonyl compounds. The mechanism of these con¬ 
densation reactions has been shown to involve addition of the reagent 
and subsequent elimination of water from the addition products. 
Both steps are reversible. 


/H 

R -< 


+ NHsOH 


/ 


H 


R—C—OH «=± R—C 
NHOH 


< 


H 

+ H 2 0 
NOH 


* For o discussion of the reaction mechanism, see Cope, J. Am. Chcm. Soc., 69, 2327 
(1937). 
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The chemical evidence for this mechanism is the isolation in favorable 
cases—chloral, o-nitrobcnzaldehydc—of the intermediate addition prod¬ 
ucts. The physical evidence is the fact that the rates of these condensa¬ 
tion reactions for a series of carbonyl compounds are comparable with 
the rates of bisulfite addition to the same compounds. In Table I, p. 
645, arc shown the rates of oxime and phcnylhydrazone formation for a 
comparison with the rates of bisulfite addition. 

More precise measurements of the rates of carbonyl condensation 
reactions are to be found on p. 10-10. Here it need only be noted that 
these more refined and extensive modern studies have shown that the 
rates of carbonyl addition reactions are not determined exclusively by 
such stcric factors as the size and complexity of the groups present in the 


carbonyl compound. ... , . . • 

The carbonyl group in esters reacts with hydroxylaminc, hydrazine, 
ammonia, and similar compounds, but alcohol rather than water is 
eliminated in the second step of the process. The products of these 
reactions, hydroxamic esters, hydrazides, and amides, cannot be dis- 


cussed here. 

The addition of alcohol to aldehydes 
rarely isolated since they react with a 
give acetals. 

/H 

n • / 

CH 3 CHO + CsHftOlf CIljC—Oil 

OCsIls 


furnishes hemiacetals which are 
second molecule of alcohol and 


CjH»OIl 



CIIsCH(OCs1I»)3 + HsO 


Ketones seldom form acetals directly, but these derivatives may bo 
obtained by condensation with an ester of orthoformic or orthos.l.c.c 

a ° ld RjCO + HC(OCaH»)» — RsC(OCiHi)- + HCO-CjlK 

The addition of water to carbonyl compounds does not take place to 
an appreciable extent under ordinary conditions. From a few special 
compounds, for example chloral and mcsoxalic acid, water addition 

products have been isolated. . . . . . . 

Many aldehydes and thioaldehydcs when treated with mineral acids 
form two polymers. Ketones do not form such polymers, but thioke- 
tones do.” The polymers of acetaldehyde arc known as paraldehyde 
and metaldchydc. Mixed polymers of the paraldehyde type made from 
two different aldehydes are also known. The polymerization is reversi¬ 
ble, and the equilibrium is reached rapidly in the presence of a catalyst. 


71 II cl for i<-h and Hausen. Bcr.. 67. 795 (1924). 
77 Schonberg. Bcr.. 62. 195 (1929). 
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Since the lower aldehydes are volatile and easily oxidized they are con¬ 
veniently stored in their less sensitive polymerized forms. 

Paraldehyde [A] contains a six-membcred ring including three 
oxygen atoms. The mechanism of its formation probably involves 
addition of the catalyst to the carbonyl group followed by elimination 
in a different manner. In support of such a mechanism is the fact that 
the hydrogen bromide addition product of bromoacetaldehyde, which 
has been isolated, forms the corresponding paraldehyde [BJ when treated 

HO Br 

/ \ 

BrCHtCH CHCHsBr 

I 

Br OH 

OH Br 

\ / 

CH 

I 

CH 2 Br 
O-CHCHj 

I I 

CHjCH O 

I I 

O CHCH, 

~ i 

CH,CH—O 
icj 

Measurements of the rates of paraldehj'dc formation from acetaldehyde 
show that the slowest step is a trimolecular reaction, which is to be 
expected since the loss of the catalyst in the final step involves three 
molecules. 74 Metaldehyde [C] is a tctramer, (CH 3 CHO)4, containing 
an eight-membcred ring built up of alternate carbon and oxygen atoms 
with a hydrogen atom and a methyl group attached to each carbon 
atom. 76 

Halogens and Halogen Compounds. When certain aldehydes and 
ketones are treated with hypohalites, cleavage of the molecule with 
elimination of a haloform results. No intermediate products have been 
isolated from the reaction when it is carried out under the usual condi¬ 
tions, but by the selection of properly substituted ketones and under 

19 Stepanow, Preobrasohensky. and Schtschukina, Her.. 69. 2533 (192C). 

74 Hutcher and Kay. Can. J. Research, 7. 337 (1932). 

74 Hantzsch and Occhslin, Her., 40. 4341 (1907); Pauling and Carpenter, J. Am. Chcrn 
Soc., 68. 1274 (1930). 


with potassium acetate. 73 
/°\ 

CHjCH CHCHj 

I I 

o o 

\ / 
CHCH, 

IA| 


/°\ 

BrCH 2 CH CHCH.Br 

I I 

O O 

\ / 

CHCH 2 Br 

IBl 
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carefully controlled conditions it has been shown that the reaction 
proceeds through stepwise halogenation followed by a chain cleavage of 
the resulting trihaloketones. 76 

RCOCH, + NaOBr — RCOCH 2 Br + NaOH 
RCOCH 2 Br + NaOBr — RCOCHBr : + NaOH 
RCOCHBr* + NaOBr -* RCOCBr, + NaOH 
RCOCBr, + IIOH — RCO = H + CHBr, 

It is not certain that this mechanism applies equally well to water- 
soluble carbonyl compounds, for measurements of the rates of reaction 
of several substances of this type admit of other interpretations. 77 

Phosphorus pentachloride reacts with many aldehydes and ketones. 
If the hydrocarbon radicals are simple, replacement of oxygen by 
chlorine takes place. Frequently unsaturated monochloro compounds, 
apparently formed by the loss of hydrogen chloride from the expected 
dichloro compounds, are found among the products. If the hydrocarbon 
residues are complex, the pentachloride sometimes reacts as trichloride 
and chlorine; an a-hydrogen atom is replaced and a chloroketone results. 
An excess of the halide has no effect on the carbonyl group. 

CHjCIIO + PCU — CHaCHCl. + POC1, 
(CHi)sCHCOCH(CH,)i+ PCU — (CH,) 2 CHC0CC1(CH,) 2 + IIC1+ PCI, 

As a consequence of the observation that phosphorus oxychloride was 
a product of the reaction when the oxygen atom of a carbonyl compound 
was replaced by chlorine, Straus suggested that the process involved 
addition of the pentachloride as Cl PCU-'* 

Cl OPCU 

CHjCOCII, + PCU ^ CHi—C—CH, —* CH,CC1 2 CH, + POC1, 

It should be noticed that the course of the reaction between carbonyl 
compounds and phosphorus pentachloride depends upon the activity of 
the carbonyl group as this activity is affected by the attached hydro¬ 
carbon residues. With phosphorus pent a bromide, however, which is 
less stable than the pentachloride, carbonyl compounds give only prod¬ 
ucts in which an a-hydrogen atom has been replaced by bromine. 

Oxidation. Aldehydes are easily oxidized to acids having the same 
number of carbon atoms; ketones are oxidized only with difficulty, and 

Fuson and Bull. (Turn. Iter.. 16. 1*75 (1934). 

77 HuU-her ond Horwood, Can. «/. Hcuurch. 11, 378 (1934). 

7 « Straus. ,l«n.. 393, 235 (1912). 



656 


ORGANIC CHEMISTRY 


the carbon chain is broken. Since the oxidation of an aldehyde is accom¬ 
plished by the same reagents which convert alcohols to aldehydes, the 
mechanism is probably the same. Wieland has suggested that the 
oxidation is in reality a dehydrogenation of the aldehyde hydrate and 
that the function of the oxidizing agent is to act as a hydrogen acceptor. 79 
It is known that water adds to aldehydes and sometimes stable hydrates 
can be isolated. Wieland has found that in favorable cases dehydro- 


/ H 

R—C 


/ H 

+ HOH ?=> RO—OH <=± RC0 2 H + H 2 

I 

OH 


genation can be accomplished by means of certain hydrogen acceptors 
not usually considered to be oxidizing agents; methylene blue, azo- 
bcnzcne, indigo, and dibiphenyleneethylene have been so used. The re¬ 
action takes place in the absence of oxygen as long as the acceptor is 
present. 

Autoxidation is a common phenomenon with aldehydes and is 
occasionally encountered with ketones. 80 With an aldehyde the end 
product of the reaction is the corresponding acid. Benzaldehyde adds 
oxygen to form an addition product winch slowly yields perbenzoic acid. 


— C«H*CH0 0 2 -> CeH 6 C0 2 0H 


C 6 H 


<+°- 


The peracid, which is an oxidizing agent for many unsaturated com¬ 
pounds, converts a second molecule of aldehyde to acid. 


CaHftCOaOH + 



2C fl H 6 C0 2 H 


The net result may be represented by the equation: 



+ 0 2 


2RC0 2 H 


In this instance the perbenzoic acid presumably acts as a hydrogen 
acceptor. * 

Autoxidation, which is sensitive to catalysis by ozone, 81 may be 
prevented with surprising ease by the use of a reducing agent as a 

79 Wieland, Ber., 54. 2353 (1921), and numerous later articles. 

80 Jenkins, J. Am. Chcm. Soc.. 67. 2733 (1935). 

81 Briner and Pcrrottct, Compt. rend. soc. pfipa. hist. not. Gcntvc, 54, 101 (1937) [C. A., 
32. 0G35 (1938)1. 
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stabilizer. Hydroquinonc is most commonly used, and as little as 0.001 
per cent is effective. The same “antioxidants” are also effective in 
hindering or preventing the polymerization of many cthylenic com¬ 
pounds. 

The Carbon-Carbon Triple Bond 

The acetylenic linkage is characterized both by its ability to undergo 
addition reactions and by the fact that a hydrogen atom attached 
directly to an acetylenic carbon atom is sufficiently reactive to undergo 
replacement by metals. The formation and reactions of these metallic 
derivatives are discussed elsewhere (p. 525); it is necessary to note here 
merely that they are of use in the isolation and identification of acety¬ 
lenic compounds and os synthetic tools. 

In their addition reactions the acetylenes add two atoms of hydrogen 
or their equivalent to furnish products which contain an ethylenic 
linkage or a carbonyl group, depending upon the nature of the addend; 
the chemistry of the addition products^ that of the doubly linked 
unsaturated system which they contaii^n general the same reagents 
which add to ethylenic compounds will also add to acetylenic compounds 
so that a detailed review of the addition reactions can be dispensed with. 
Certain reactions, however, merit attention. The addition of hydrogen 
can be controlled so as to furnish cthylenic compounds and, by proper 
choice of the experimental procedure, either the cis ethylenes or the 
Irons ethylenes can be obtained.” Ozone adds to the acetylenic linkage, 
and the ozonides on decomposition furnish acids as a result of the cleav¬ 
age of intermediate dicarbonyl compounds by hydrogen peroxide.” 
This should be compared with the behavior of a-diketones toward 

hydrogen peroxide, p. 071. 

IICsCII +0, - IIC—CII - HO-^bu —> HC-CH + 11,0, - 2IICO,II 

(*>_<!)—O O-0 V O 


Unsymmetrical reagents, such as hydrogen bromide, add according to 
Markownikoff’s rule; hydrogen bromide in the presence of peroxides 
undergoes abnormal addition. M 


Peroxides ~ 

?4H 9 CH=CIIBr <-— C,H„G 

hrnint 


^TT 


Peroxides 


Disubstitutcd acetylenes 
ways. 84 


add unsymmetrical reagents in both possible 


M Campbell and Eby. J. Am. Chcm. Soc.. 63. 210 (1041). 

•* Ilurd and Christ, J. Org. Chcrn.. 1. Hi (1030) ; Jacobs, J. Am. Chcm. Soc., 68, 2272 
<i030>. 

“Young, Vogt, and Nicuwlnnd. ibid., 68. 1S0G (1030). 

•* Bourgucl, Com pi. rend., 178. 1657 (1024). 
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In the presence of suitable catalysts, a wide variety of oxygen- 
containing compounds add to acetylenes. The addition of alcohols 
furnishes ketals, acid chlorides furnish /3-chloro unsaturated ketones, 
organic acids furnish alkenyl esters, and water furnishes ketones. 

RC=CR' + 2C 2 H 6 OH — RCCOCjH^hCHjR' “ 

RC=CR' + CH 3 COCI — RC(C1)=C(R')C0CH 3 87 
RC=CR' + CH 3 CO*H — RO=CHR' 88 

I 

ococh 3 

RC^eCH + HjO -> RC=CH 2 -» RCOCH, 

Ah 

The hydration of acetylene, itself, can be directed so as to furnish either 
acetaldehyde or acetone. 

CH=CH + Hit) -♦ CH 3 CHO 
2CH=CH + 3H 2 0 — CH 3 COCH 3 + CO* + H* 

Finally, acetylene in the presence of cuprous and ammonium chlorides 
will add a second molecule of acetylene or a molecule of a monosub- 
stitutcd acetylene. The reaction makes possible the synthesis of sub¬ 
stances containing both ethylenic and acetylenic linkages and when 
applied to acetylene itself furnishes vinylacctylene and divinylacetylene. 
The first of these products is the starting material for the preparation of 
one type of modern rubber substitute. 89 

HC=CH + 11C=CU -> CH—CH—C=CH 

C H 2=C H—C®CH + HC=CH — CH—CH—C=C—CH—CH 2 

The Carbon-Nitrogen Double Bond 

The unsaturation represented by the carbon-nitrogen double bond 
is found in aldimines, ketimines, and Schiff’s bases and in oximes, hydra- 
zones, and semicarbazones. In spite of the frequency with which such 
azomethines are encountered, relatively little study has been made of 
the behavior of the carbon-nitrogen double bond per se. 

88 Killiun. Reunion, ond Nicuwland, J. Am. Chcm. Soc., 68, SO (1936). 

81 Kroogcr, Sowa, and Nicuwland, J. Org. Chcm., 1, 103 (1930). 

85 Ilennion and Nicuwland. J. ,4m. Chcm. Soc., 66, 1S02 (1934). 

•• Nicuwland, Calcott. Downing, and Carter, ibid., 63. 4197 (1931). "Collected 
pa|>cr8 of W. II. Cnrothcn* on Polymerization," edited by Mark and Whitby, Interscienco 
Publishers. New York (1940). 
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Aldimines, ketimines, and Schiff’s bases may be considered as sub¬ 
stitution products of the hypothetical condensation product of ammonia 
and formaldehyde, CH»—NH. Simple aldimines, RCH=NH, and 
Schiff’s bases derived from formaldehyde, CH*—NR, are unknown m 
the monomolccular state. One monomolecular aldimine and one mono- 
molecular Schiff’s base derived from formaldehyde have been described^ 
They are readily hydrolyzed and reduced.” Polymeric aldimines and 
Schiff’s bases arc hydrolyzed with great ease by acids to form an alde¬ 
hyde and ammonia or an amine, and they are easily reduced to primary 
or secondary amines. Monomolecular ketimines *' and Sclnff s bases 
derived from aldehydes other than formaldehyde have been prepared; 
they too are readily hydrolyzed and reduced. 

Schiff’s bases of the type RCH-NR, for example bcnzalanilme, 
have been studied in some detail. Their behavior in addition reactions 
is reminiscent more of carbonyl compounds than of cthylenic compounds. 
These azomethines will add the Crignard reagent and organolitluum 
compounds; the hydrocarbon residue adds to carbon.*- 

C.H.CH—NC«H» + C.H.MgBr --> (C,II.)jCHNHC,H, 

They will add sodium bisulfite," and hydrogen cyanide." The bisulfite 

C.H.CH—NC.H. + NaHSO. — C.H.CHNHC.H, 

SO.Na 

C«H.CH“NC«H. + HCN — C.H.CHNHC.H, 

CN 


addition product has been formulated as a sulfonic acid by analog 
with the bisulfite addition products of carbonyl compounds. It is 
described in the literature as a sulfite ester. Sclnff s bases add organic 
compounds containing an active a-hydrogen atom by a process which 
is analogous to aldolization,* v 


"(«) Kohler and Drake. 7. C*a-. 45. 1281 (1923); (6, Kohler and Blatt. 

ibid., 80. 1220 (1928). 

•* Mourou and Mignonae, Ann. chi"*: |9| • — ... o ..> 0 * ilotji 

•* Bunch, Iter.. 37. 2091 (1904); Gilman and Kirby. J. Am. < hem.Soc.. 65. 1.05 (1933). 

<S °»* Eketoy and Swisher. Rrc. Ira r. (him.. 48. 1052 (1929). 

(1905); Snyder. Hornby and Korn, 

J. Am. Chem. Soc.. 61. 3550 (1939). 
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C«H 6 CH=NC a H 6 + CH 3 COCH 2 CH 3 -> C 6 H 5 CHNHC«H 6 


and they also add acetic anhydride. 96 

CeH 6 CH=NC<jH 6 + (CH 3 C0) 2 0 


CH 2 COCH 2 CH 3 


C 3 H 6 CHNC 3 H 6 

I I 

CH 3 COO COCH 3 


It is possible to add alkyl halides to the nitrogen atom in Schiff’s bases. 
The reaction is the basis of a valuable method for preparing secondary 
amines. 97 

r / ch * i 

C6H 6 CH=NC«H 6 + CH 3 I —> CfHiCH—N<^ ^ I I 

Oximes, hydrazones, and phenylhydrazones are utilized primarily 
for isolating and identifying carbonyl compounds. These azomethines 
can be hydrolyzed to regenerate the carbonyl compound and the reagent 
employed in their preparation. They can also be reduced by catalytic 
hydrogenation or metal combinations, and this reduction, when applied 
to oximes and phenylhydrazones. is an important method for preparing 
primary amines. 95 

R 2 C=NOH + 2H 2 -♦ R 2 CHNH 2 + H 2 0 
RCH=NNHCJU + 2H 2 -» RCH 2 NH 2 + C 3 H*NH 2 


The Carbon-Nitrogen Triple Bond 

The same two reactions, hydrolysis and reduction, which are of 
outstanding importance in the chemistry of the azomethines occupy 
positions of similar importance in the chemistry of the nitriles. Hydrol¬ 
ysis of nitriles leads eventually to a complete rupture of the carbon- 
nitrogen linkage, but the first step is the addition of water to form an 
amide. 

RC=N + H 2 0 RC=NH -> RCONH 2 

I 

OH 

Like other addition reactions, this hydrolysis is very sensitive to changes 
in the nature of the substituent group R. Thus it is extremely difficult 
to hydrolyze tertiary aliphatic nitriles or di-orMo substituted aromatic 
nitriles. 

99 Ekeley, Swisher, and Johnson, Gazx. chim. Hal., 62, 81 (1932); Snyder, Lovin, and 
Wiley. J. Am. Chcm. Soc., 60. 2025 (193S). 

97 Decker and Becker. Ann., 395, 362 (1913). 

99 Hartung. J. Am. Chcm. Soc., 60. 3370 (1928); 63. 2249 (1931); Tafel. Bcr., 19, 1924. 
2416 (1886). 
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The addition of hydrogen, which may be brought about either cata- 
lytically or by metal combinations, would be expected to Weld a primary 
amine. Actually there is a marked tendency to form secondary amines. 
The formation of secondary amines can be suppressed by employing 
acetic anhydride as a solvent when a platinum catalyst is used," or by 
reducing with Raney nickel in the presence of ammonia. 100 The follow¬ 
ing mechanism has been suggested for the formation of a secondary 
amine on the reduction of a nitrile. 101 

RCsN —> RCH—NH —> RCHjNHi 

RCH=NH + RCHsNIfs -> RCH—XCH-R + NH, 

RCH-NCH-R + 1U -> RCH.NHCH.R 

The Grignard reagent adds to nitriles to form metallic derivatives of 
ketimincs. 01 

RCsN + R'MgX -> RCR' 

NMgX 

In addition to the usual limitations resulting from an increase in the size 
or complexity of the group R, poor yields are frequently obtained be¬ 
cause some of the nitrile reacts in the tautomeric imidc form, RCH— 
C—NH. Many nitriles show evidence of this type of tautomerism in 
other reactions. The Grignard reagent in certain cases also brings about 
intermolecular addition; one molecule of nitrile, acting as HA, adds to 
the triple linkage of a second molecule to form an inline. Numerous 
organoalkali compounds are excellent catalysts for this reaction. 102 


The Nitro Group 


In the chemistry of the nitro group the activating influence of the 
unsaturated group on a-hydrogen atoms is of more importance than its 
addition reactions. In fact, the only addition reactions which need be 
considered arc reduction and the addition of alkoxides. 

Reduction of the nitro group can lx- brought about by a wide variety 
of reagents, and the course of the reduction is controlled by the structure 
of the nitro compound, the nature of the reagent, and the conditions 
under which the reaction is carried out. It suffices to point out that 
nitro compounds can always be reduced to primary amines and they can 


••CorothorB and Jonce. J. Am. Ch.m. S>*.. 47. 30ol (19-5). 

100 Schwocglor and Adkins. Aid.. 61. 3499 (1939). 

101 v. Braun, Blessing. and Zobcl. U<r.. 66. 19S8 (19-3). 

‘"Ziegler and Ohlinger. Ann.. 496. 84 (193-*); Ziegler. Ebcrlo. and Ohlmger, Ann.. 
*94, 94 (1033). 



662 


ORGANIC CHEMISTRY 


sometimes be reduced to nitroso compounds, hydroxylamines, oximes, 
azoxy compounds, azo compounds, and hydrazo compounds. The chief 
practical importance of these reactions is in the field of aromatic chemis¬ 
try where they lead to dye intermediates. 

Organometallic compounds bring about reduction of the nitro group; 
the process is both complex and obscure (p. 504). Aromatic nitro com¬ 
pounds can be reduced to secondary amines; 103 aliphatic nitro compounds 
are reduced to dialkylhydroxylamines. In both reactions, addition as 
well as reduction takes place, and in the latter reaction one of the alkyl 
groups in the product is more complex than either the alkyl group of the 
reagent or the nitro compound. 104 

Alkoxides convert nitro compounds containing an a-hydrogen atom 
to metallic derivatives of the act-form, but if the alkaline treatment is 
prolonged the reaction goes past this stage. Nitro compounds which 
contain no a-hydrogen atoms will add a molecule of alkoxide. 106 

Aldolization reactions involving a nitro compound which contains 
an a-hydrogcn atom and carbonyl compounds or azomethines are 
important in synthetic work. The reactions with formaldehyde, 
bcnzaldehydc, and benzalanilinc are typical. (Compare also the addi¬ 
tion of nitro compounds to conjugated systems, p. 679). 

CHjO + CHaXOt — CH 2 OHCH 2 N0 2 


/H 

C fl H*C4 + CHjNOj 


CeH 6 CH=CHN0 2 + H*0 


CellaCTl—NCtH* + CH,NOi — C«H»CHNHC 9 H» 

CHsNOs 


TWINNED OR CUMULATIVE DOUBLE BONDS 

Five systems of twinned or cumulative double bonds, allenes, 
rumulencs, ketencs, isocyanates, and carbodiimides, require attention. 
Allene, CII 2 =C=CH 2 , and its derivatives offer little that is novel in 
the way of addition reactions. The two ethylenic linkages act inde¬ 
pendently of each other, and they add the same reagents which add to 
isolated ethylenic linkages. 106 The mode of addition is in accordance 
with MarkownikofTs rule, and the addition is subject to the same 
influences from substituent groups which were observed with ethylenic 

,0 * Gilnmn nnd McCracken. J . .4m. Chem. Soc., 51. 821 (1029). 

*°* Be wad. lirr., 40. 3065 (1907). 

106 Mciecnhcimcr. Ann., 323, 210 (1902). 

106 Acrce and l^Forgc. J . Org. Chrm.. 5. 430 (1940). 
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compounds. Simple allenos polymerize to yield, among other products, 
cyclobutane derivatives.' 07 

( CH 3 ) 2 C=C—CH 2 

2(CHj) 2 C=C=CH; - I I 

(CHj) 2 C=C—CH- 

Alkyl-substituted allenes rearrange under the influence of alkali to 
furnish acetylenes,' 08 and aryl-substituted allenes rearrange in an acid 
medium to furnish indenes. 10 * 

Compounds containing several twinned ethylenic linkages, the 
cumulenes, (C fl H 5 ) 2 C—C—C—C(C 6 H 5 ) 2 , are also known.'' 0 These 
substances are colored, add hydrogen and halogens readily, react 
sluggishly with permanganate, and are stable toward molecular oxygen. 
They are inactive in the diene synthesis and should be contrasted with 
the conjugated polyenes described below on p. 093. 

Ketone, CH 2 =C*=0, and its derivatives are among the most 
reactive of all unsaturated compounds in addition reactions.* Originally 
it was held that ketenes contained an abnormally reactive ethylenic 
linkage and that nil addition reactions of ketenes were additions to the 
carbon-carbon double bond. It is true that the final products in all the 
addition reactions of ketenes contain the addend attached to what were 
the ethylenic carbon atoms. With two reagents, however, specific 
evidence has been presented to show that addition is to the carbonyl 
group and that ketonization of the primary addition product follows. 
The addition of /-menthol to phenyl-p-tolylkctenc followed by hydrol¬ 
ysis furnishes an optically active phonyl-p-tolylacetic acid. 11ns is 
interpreted as showing the slcricalhj directed ketonization of the primary 
addition product [A].'" 


P-CH.C.H, 


\ 


Cd\/ 


C=c =0 + /-menthol 


l 


CILC.H. 




CAW 


O roenthyl-T 

<011 


ch.c.ii. 


|A| 


C.lb 


X .CllCOimenthyl-/ 


CII.C.II. 


Nciico.ii 

' (i 


231 


C*H»' (Optically 
activvl 

,OT Lcbedcff, J. C'hrm. .W.. 100. 77-1 (1911). 

- Fnvoraky, J. l-’l 37. 417 (!»«.: M «■ ■»* <*“'»• 

■"Vorlaudcr and Sober.. Her.. 39. 0900): Kuhl "' C *‘ m - J - 40 ' “*• “ 

(1008). 

the curly work on ketones. 

1,1 Weiss. MonaUh., 40. 301 (1919). 



664 


ORGANIC CHEMISTRY 


In the addition of the Grignard reagent to diphenyiketene a proof of 
the structure of the primary addition product [B] has been accomplished 
by replacement of MgBr with a benzoyl group. 112 


(C6H 6 ) 2 C=C=0 + CeHgMgBr -► (C 6 H 6 ) 2 C=C—OMgBr 

C.H S \c^H»coa 

(C 6 H6) 2 C==COCOC«H6 
c«h 6 

C*H 5 


1 



On the basis of this evidence it is a reasonable conclusion that only 
those addends which are characteristic for the ethylenic linkage add to 
that linkage in ketenes, while those addends which are characteristic for 
the carbonyl group add to the carbonyl group in ketenes, and that 
addition to the carbonyl group is followed by ketonization. 113 The addi¬ 
tion of oxygen and of halogen, the polymerization of disubstituted 
ketenes, and the combination of ketenes and ethylenic compounds 114 
may be formulated as addition to the ethylenic linkage. 

(C*H6) 2 C«=C—O + 0 2 — (CeHOsC—C=0 — (C»H*) 2 CO + CO s 

I I 

0—0 

(CiH*)aC—C—O + Cl 2 — (CeH*)*CClCOCl 
2(C«H6 )oC=C=0 — (C«H|) 2 C—C=0 

I I 

0=C—C(CeH*) 2 


The addition of water, ammonia, amines, and halogen acids, that is HA 
reagents, is formulated as addition to the carbonyl group followed by 
ketonization. 


/OH 

(C«H*) 2 C=C=0 + IIOH -> (CeH»)-C=C< -► (C 6 H 6 ) 2 CHC0 2 H 

X 0H 

/OH 

(C«H6> 2 C=C=0 + HC1 -> (CeH 5 ) 2 C=C<^ — (C fl H 6 ) 2 CHCOCl 


m Gilmnn and Hcckort, J. Am. Chcm. Soc.. 42. 1010 (1920). Tho mechanism of this 
reaction is discussed on p. 514. 

,,s Staudinger, Heir. Chim. Ada. 6. 97 (1922). 

1,4 Lewis. Rumago, Simonson, and YVainwright, J. Chcm. Soc., 1837 (1937); Bergmann 
and Bluni-Bcrgmann. ibid., 727 (1938); Smith, Agre, Leekley, and Prichard, J. .4m. Chcm 
Soc.. 61. 7 (1939). 
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Ketenes do not take part in the diene synthesis (p. 6S5), but they 
do add acetylenes to give substituted a-naphthols. 11 * 

It is probable that the addition of HA reagents to the twinned 
double bonds in isocyanates follows the same course as the addition of 
these reagents to ketenes. 116 

C*H*N=C=0 + C.IhMgBr - C.H*N=C—OMgBr 

C.H, 

C»H.N=C—OH — C.H.NHCO 
A.H. i.H. 

C,H,N=C=0 + HiO — C.H.N—C^J — C.H.NHCO, H — C.H.NH, + CO, 

.OH 

C.H.N=C=0 + C.H.NH, - CAN-cQhc.,,. “ C.H.NHCONHC.H, 
C.H.N—C=0 + C.H.OH - C.H.N=-C<^ c Hi - C.H.NHCO,C,H. 



Because they furnish characteristic solid derivatives by interaetion with 
alcohols and amines the isocyanates are used for the identification of 
these two classes of compounds. 

Twinned double bonds and characteristic activity in addition reac¬ 
tions arc also found in the carbodiimides—a group of compounds which 
has been known for many years 1,7 but which has become available for 
study and use relatively Icccntly. ,l, Carbodiimides add, among other 
reagents, amines to form guanidines and acids to furnish acyl ureas. 

C.H*N—C—NC.H.+C.H*NH, - C.II*NHO=NC.H* 

C.IUNH 

[ C.I I »N—C=NC.I1*1 C.I I »N CON 1IC.I I. 

cwUu J ”* C.H.io 

Both reactions are obviously 1 , 2 -additions. 

"•Smith and Hochn, J. Am. them. £•*-. 63. 11S1 (1941). 

"* Gilman and Kinney, ibid.. 46. 493 (1924). . lol ,. 

m Schall, J. prakt. Chan.. [2] 64. 201 (1901); Buach. Blumc. and Bungs. ibid., (2)79, 

“•SSicho and collaborators. Dcr.. 71. 10 S 8 (1038). and several later articles; Schmidt 
and collaborators. Btr., 71. 1933 (1938); 73. 280 (1940). 
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CONJUGATED SYSTEMS OF MULTIPLE LINEAGES 

Relatively early in the development of organic chemistry abnormal¬ 
ities were observed in the course of certain of the addition reactions of 
substances which contained alternate single and multiple linkages. 
Thus, to use a comparatively recent example, when one mole of hydrogen 
is added to 1,4-diphcnylbutadiene, addition takes place not at cither of 
the ethylenic linkages but instead at the ends of the conjugated system. 1,9 

C 6 H 6 CH=CH—CH=CHC*m + H 2 -> C6HsCH 2 CH=CHCH 2 C«H5 

This type of addition is termed conjugate addition. 1 - 0 In an important 
article published in 1899, Thiele assembled many of the earlier data on 
conjugate addition, presented new evidence to show that many addition 
reactions not ordinarily considered so were conjugate, and proposed the 
theory of partial valence to account for the phenomenon. 121 

In Thiele’s theory the initial assumption is made that not all the 
available affinity is used by a double bond between two atoms: the 
unused affinity on each atom is called a partial valence and is repre¬ 
sented graphically by dotted lines as in I. In a conjugated system the 
partial valences present on the intermediate atoms (2 and 3 in formula 
I) neutralize each other so that the effective unsaturation is localized at 
the ends of the system as shown in II. Addition to such a system will 
take place at the end atoms and, since the addend will require more 
affinity than is available from the partial valences, the double bonds 
will be broken, a new double bond will be formed, and the final product 
will be III. 


1 2 3 1 

CTi.,=rH—ni=ni. 

CH-^CTl—CII=CH- 

CH,CH—CHCHj 

1 : : 1 

A * # A 

v * * j v 11 v/ li v 112 

• • • • 

• • • • 

• • • • 

• • • • 

• • • • 

• • • 

i 

11 

in 


Thiele’s explanation of conjugate addition was eagerly adopted—so 
eagerly, indeed, that at first but scant attention was paid to the fact 
that, although the theory of partial valence requires 1,4-addition exclu¬ 
sively, many cases of 1,2-addition to conjugated systems were known. 
In order to reconcile the general theory with these exceptions, Hinrich- 
sen modified it so us to take into consideration the nature of the sub- 

"» StrnuH. Ann.. 342, 250 (1905). 

, "° l.ut/../. .tm. Ch, in. Sue.. 51. 300S (1929). The converse of this process. 1,4-eliminn- 
tion to form a ronjuuated system, is frequently encountered, but a discussion of 1,4- 
elimination is l>eyond the scope of this chapter. Compare p. 108 of rofetenco 121(a). 

181 Thiele. .t»i»«., (a) 306. S7 (1899); (6) 308, 333 (1S99); sec. also. Michael, J. .tm 
Chcm. Soc., 59, 744 (1937). 



UNSATURATION AND CONJUGATION 


607 


stituents attached to the conjugated system and the nature of the 
addend •» More recent developments have supplied plausible electronic 
interpretations for the occurrence of both 1 , 2 -add.t.on and conjugate 
addition as well as for the frequently observed interconversion of 1,2- 
and 1 4 -addition products.* Lack of space, as well as the fact that there 
is not complete agreement between various electronic explanation.-, 
prevents a discussion of these modem interpretations in this chapter. 
Instead a descriptive treatment of the chemical behavior of the more 

«— -- >r ■atnr- 

with conjugation arc considered elsewhere (Chapter 23). 

The Dienes and Enynes 

Dienes can be reduced either catalytically or by means of metal 

combinations. VVhcu^hydrogen and a, catalyst are 

«»t y «ro.tor > ta » J, "i» tb« mta.tion to I* Mowed o**- 
S^SS^gETE-m m, to », to,.od, to to, odd;. 

u T“So„ ,r ***... tsr 

combinations “ not ro duccd by metal combinations, reduction 

linkages thus hcny l atc d ethylenes (styrene, stilbene, and their 

"TTJlSvc as « the ethylenic linkage was conjugated with the 
analogs) behaveas if he . > nrc n , ducod by metal com- 

^^ml’orbydrogen addition is 1.2, however, and phenyl- 

ated ethanes are formed. 

■« Hinrichsen. it—-.; ”*•Ij” °^ nc< .. ^ Water.. "Physical Alport* of Organic 
• For u diacuamon with * ( |030). Chapter XV. Compare, also. Ingohl. 

Ctwmi.try, ' l>. V»n N» .. Taul „„ Ir i„n." Houtlcdge .nd So.,., Ud.. I-o.idon 

U^i Z i«S£ -d Northrop, d. do. them. Sec . 40« 

C ° *i“b^ h c’v 1 ’^ Y ^ubchik. /. Ota-. S-.. •**. 2'90 l»i »> “■' J 

Paquot. Comet. r«»d-. *»• 81)5 "° 37 '- 
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The addition of alkali metals is characteristic of conjugated ethylenic 
systems but not of isolated ethylenic linkages * Simple dienes, such as 
butadiene, are polymerized by alkali metals and organoalkali com¬ 
pounds, 124 but terminally phenylated ethylenes add alkali metals 1,4. 126 
Isoprene undergoes 1,4-ethylation with sodium and ethyl bromide 128 
and adds triphenylmethyl l,4. m If, in an ethylenic compound, one 
ethylenic carbon atom is either part of a crossed conjugated diene 
system or attached to an aromatic ring, alkali metal addition involving 
two moles of the unsaturated compound occurs. 


CH=CHv 

2 1 ^C=C(CHa), + 2Na 

CH=CII / 


CH=CHv /CH=CH ««* 


2CflH*CH=CHi + 2Na 


C*H»CHCHjCHjCHCJI* »«• 
Na Na 


If each ethylenic carbon atom in an ethylenic compound is attached to 
an aromatic ring system, the addition of alkali metal involves one mole¬ 
cule of the ethylenic compound. 

CeH 5 CH=CHCeH 6 + 2Na CeHsCH—CHC«H 6 

Na Na 


Since the organoalkali addition-products on treatment with a hydrogen 
donor undergo replacement of metal by hydrogen the net result of the 
process is reduction, f 

Because of the close correlation between the ability to add alkali 
metals and the susceptibility to reduction by metal combinations, it 
has been suggested that the latter reaction proceeds via metal addition 
followed by replacement of the metal in the resulting organoalkali com¬ 
pounds by hydrogen (p. 529). t Although doubtless a definite relation- 

* For tho addition of alkali mctala to other unaaturated groups see reference 128 
(6) and Chapter 5. w ., , . 

1,1 Ziegler and Kleiner. Ann.. 473. 57 (1929). Compare, however. Midgley and Henno, 
J. Am. Chem. Soc.. 51. 1293 (1929). 

» IS Houbon-Wcyl, -Dio Mcthoden der orgunischon Chemic," Thicme. Leipzig (1924), 
Vol. IV. p. 9GG. 

•« Ziegler and Bfthr, Bcr.. 61. 253 (1928). 

1,1 Conant and Scherp. J. Am. Chem. Soc., 53. 1941 (1931). 

,n Schlenk and Bergmann, (a) Ann., 463. 1 (1928); (6) .4nr».. 464, 22 (1928). Smith 
and Hochn. J. Am. Chem. Soc., 63. 11S4 (1941). 

t Tho same reduction products can be obtained from the action of aluminum chloride 
and benzene on ethylenic compounds which contain one aromatic group on each ethylenic 
carlxm atom. Alexander and Fuson, J. .4m. Chem. Soc., 58, 1745 (1930). 

x Compare reference 51; also Carothers, J. Am. Chem. Soc., 46. 2220 (1924); and 
HOckcl. "Theoretische Gnindlngen dor orgnnischen Chemie." Akad. Verlags., Leipzig 
(1031), Vol. I. pp. 36S-374. 
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ship exists between the addition of an alkali metal and reduction by 
metal combinations, it is probably not so simple as has beet 
for in many eases the product of reduction by metal combinations is 
quite different from that obtained by metal addition an d replacement 
Thus styrene on reduction by metal combinations furnishes cthjlben- 
zene, but on addition of alkali metal and subsequent replacement 
the metal by hydrogen it furnishes 1 , 4 -diphenylbutanc. 

The addition of halogens to dienes “• may give n«e to 

:s,; n sr * *. -a*.—» 

, CHjBrCHBrCH—CHs 

CH-CH-CH-CH, + Br = <( CHjBrC g =CHCHsBr 

CH.CH-CH-CH-CHCH, + Br : - CH.CHBrCH-CHCHBrCH, 
C.H.CH-CH-CH-CHC.H.+ Br: - C.H.CH-CHCHBrCHBrC.lh 
• i 11 fiinnoA and envnes. In the most carefully 
studied c^Tthose of ‘the 2-halobu.adienes and vinylaeetylene, addition 
is -iuga,^^ + hx CH CHCIIiX 


I 


Cl(Br) 

CH-X—CH—C—CH, 


Cl(Br) 

CHs—CH—C»CH + HX 
With 1 -phenylbutadiene the reactions are not so clear cut, but the 
principal products arc the result of .5,4-addition. 

I Truro -Iml Thorpe. J. Chrm. Soe.. 720 (1028): Muskat 
,N (a) Butadiene: F “" ncr '* “ 404 ) (1930). ( 6 ) Isoprcno: Jouc* and Williams, 

and Northrup. 7. Honda kow. J. „ra«. Chcm.. 62. 

J. Chen. Soc.. 829 (1W4). M banner. Lawrence, and Scott. J. Che,,. S„c.. 

100 (1900). (*/) l^.D'mcthyl^to^W. 1^ ^ ^ , raP . ( h„n.. 68. W3 (1030.. (/. 
610 (1930). (')' 2 *J- D, - , j >U ' > : ,b J^, Cum/rf. rend.. 1*4. 400 (1927). (<) l-Phenyl- 

1 , 1 . 4 . 4 -Tctramcthylbutadicnc. 1 r • ~ 51.2400 (1929). (A) 2.3-Diphcnyl- 

butadieno: Muskat and Huggins J- ' " u (tr <xrch. 17B. 75 (1939). (■> 1 .4-Diphenyl- 
butudicnc: Allen. Eliot, and Bell. Can.J. Khoren. 

butadiene: Straus. **“.. 42 . 2807 ( >■ uC hcm.Soc.. 63. 4203 (1031); Carothers. 

-0 Carother ( , W | llinn,.. Colbn B and K.r.O. ' Colli.*. and Kirby, ft*. 66 . 780 

Berchct. and Collins. «W.. 64. 4000 (ivw. 

(1933). addition of halogen and halogen acids to a wider variety 

• For information about the a tender is referred to tho following articles: 

of dienes than can bo considered . ,. hem 1570 (1920; Muskat and col- 

Farmer and collaborators, beginning w ^ 61 2 490 (1929); Cnrothers and collalw- 

laborators. beginning with J. Am. * * ‘^3 c 1031 ); Kharasch and collaborators, 

rators. beginning J. A««. C nn-^ Compare also Staudingcr. Kreis. and Schilt. 
J . Org. Chen 1 . 393 < 1930, 2 Schinr. ibid.. 23. 900 (1940). 

Hclv. Chim.Acla. 6 . 743 (192-). Kuz ' K . - 6 1239 n 93 4 ). 

m Muskat and Huggins. J. Am. them. ***.. on. i-ou 
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C*HsCH=CH—CH=CHs x 


HOX 


y 

C eH »CH=CHCH BrCHjBr 

C»H»CH=CH—CHXCHa 

The addition of hypohalogenous acids and alkyl hypohalites to dienes 
is 1,2. 132 

Phosphorus pentachloride adds to a limited number of dienes and 
styrenes, the latter again behaving as if the ethylenic linkage were 
conjugated with the aromatic nucleus. The addition is always to a 
terminally unsubstituted ethylenic linkage, and, since the addition 
products lose hydrogen chloride and are hydrolyzed to phosphinic acids, 
the over-all reaction is the replacement of an atom of hydrogen. 133 

H,0 

COUCH—CH—CH—CH 2 + PCU -> C«H|CH—CH—CHClCHiPCU —> 

CeH 6 CH=CH—CH=CHP0 3 H 2 

C 6 H 6 CH=CH s + PCU — C,H s CHC1CH 2 PC1, C«H 6 CH=CHPOjH s 


HX 


CeH t CH=CHCHOHCH a X 


Among the nitrogenous addends to dienes should be mentioned the 
oxides of nitrogen and aromatic diazonium compounds. Oxides of 
nitrogen add 1,4 to 1,4-diphenylbutadiene, but both 1,2 and 1,4 to 2,3- 
diphenylbutadiene. 134 

COUCH—CH—CH—CHC.H* + N*0 4 — C.H 5 CH—CH^CH-CHCoH* 

NO* NO* 


In the reaction between diazonium compounds and butadiene, evidence 
is not available to deride between 1,2- and 1,4-addition. 135 


(NOi)*C«lliN-> NOII 
+ 

CII,=CII— C1I=CII, 


(NO*)aC«H>N*NCH*CHOHCH=CIIi 

or -* 

(NOj)jC*HaN=NCII:CH=CIICHjOH 

11,0 + (NO,),C.H»N=NCH=CH—CH-=CH, 


Hydrogen peroxide adds 1,4 to cyclopentadiene; simultaneously a 
tetrol resulting from the addition of two moles of peroxide is formed. 136 

m Abrngam and Deux, Compi. rend.. 205, 2S5 (1937); Petrov. J. Gen. Chem. ( U.S.SJI .), 
8 . 131 (1938) [C. A.. 32. 53C9. 5370 (1938)); ibid., 10. 819 (1940) (C. A., 35. 2112 (1941)). 
>” Bcrgmann and Bondi. Bcr., 63. 1158 (1930); Ber., 64. 1455 (1931). 

««« Wieland and Stcnzl. Ber., 40. 4825 (1907); Ann., 360, 299 (1908); Allon, Eliot, and 
Bell. Can. J. Research, 17B. 75 (1939). 

m Meyer. Irachlick. and Schl&saer, Ber., 47. 1741 (1914). 

138 Milaa and Maloney. J. Am. Chem. Soc., 62. 1841 (1940). 
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1,2-Diketones 

and the alkali metals add , ( f ] 2 _ addilion Thic i Ci however, 

furnishes benzoin, apparently a • 1 , 4 -addition of hydrogen 

showed that this uc rodueine the diketone in an acetylating 

isola'.e the acetates of both stercoisomerie forms 

of the intermediate 1,4-addition produet. • 

O —* C*1I»C=CC«H» + 2CH»COjH 
C«H»C0C0C«1U + II: + 2(CII,CO).U , 

CHiCOO OCOCH, 

rc.ll.c—cc.H.1 __ c> „ iC noncoc*ii» 

C.H.COCOC.H. + 1'. - [ II4 f> ill J 

Recently the onc-diol enolize will 

:ssrrrt 4 -pasi,io„ r : .»--»■»«• **«*» *. *»* 

can be acylatcd with arid chlorides. 


CJI.COCI 

C.1UCOCOC.1U + 2Na - C.IUC-CC.l » 


C*IWC—CC.H» 


NaO 


I 

ONa 


C.II 


.COt) OCOC.ll> 


1 avw! with alkaline hydrogen peroxide.'” The 
1,2-Diketones are ^ ^ lhal it proceeded through the 1.4- 

discoverers of this reaction . gR . |0 __ () j| b u t later work indicates 

addition of hydrogen ,KT«.x.de of tllc r , a gent as H-OOH 

that the cleavage is a rcMillol 

to a single carbonyl group." up to this point have, with the 

The conjugated S >' s, '''" s d( . u of lw0 or more similar unsaturatod 

exception of the enyncs, Ik • ’ , red and ,he most thoroughly 

groups. The most frequen.ly encoun. ^ ^ ^ con(ain 

studied conjugated systems, ^ of , hc remainder of this chapter 
different unsaturated gro |, conjugated system. Nearly 

is Riven over to the winch includes an oxygen 

all substances containing J (y of {orming wil h strong acids 

atom show halochronusin, P 

lW SI. 975 0939,; Fuaon. Con*, and McKcovc. ,M.. p. ->010; 

lt1 Fuaon and C orttc. 

Thompson, ibid., p. 12H1. (|932); Bachmunn. ibid.. 66. 963 (1934). 

Kohler and Baltzly. (lfl2 „. 

m WciU and Scheffer. ^ M§ <*7 (1936). 

««« Damco and Uwia. J - Am. 
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colored saltlike products which are more or less readily decomposed by 
water. 

a, MJnsaturated Aldehydes and Ketones 

Some reagents add 1,2 to the carbonyl group of a,£-unsaturated 
aldehydes and ketones; others add 3,4 to the ethylenic linkage; still 
others add 1,4 to the conjugated system, and a final group of reagents 
adds both 1,2 to the carbonyl group and 1,4 to the conjugated system.* 
Organomagnesium halides fall into this last category. With the 
Grignard reagent the mechanism of 1,4-addition has been established 
and the effect of substituents on the mode of addition has been deter¬ 
mined. From the information available about the addition of the 
Grignard reagent, one can often predict whether other reagents will 
add and in what way they will add and one can draw reasonable infer¬ 
ences about the mechanism of addition. On account of the cardinal 
importance of the reactions between the Grignard reagent and a,p-un - 
saturated carbonyl compounds these reactions will be considered first. 

a, 0-Unsaturated aldehydes add the Grignard reagent 1,2 to the car¬ 
bonyl group; the only exceptions so far described are the 1,4-additions 
of terJ.-butyl- and terJ.-amylmagnesium halides to crotonaldehyde. 141 


< 


HX 


RCH=CHC£ -f R'MgX —RCH=CH—CHOH 

R' 


HCl 

CH 3 CH=CHC4 + (CH a ),CMgCl -> CH,CHCH*C^ 

(CH 3 ) 3 C 


< 


Unsaturated ketones furnish with the Grignard reagent saturated 
ketones or unsaturated alcohols or mixtures of both products. 

The formation of unsaturated alcohols is obviously the result of 1,2- 
addition to the carbonyl group; the formation of saturated ketones may 
be due either to direct addition of the reagent to the ethylenic linkage 
(the reaction series 1) or to 1,4-addition of the reagent to the conjugated 
system followed by ketonization (the reaction series 2). 

* Acetylenic ketones such ns benzoylphcnylacotylene. C e H»COC=CC*H», add tho 
same reagents, with few exceptions, as do tho ethylenic ketones, and the modo of addition 
is often similar. Recently a.0-unsaturated sulfoncs. C$H»CH=CHSOiC*H 4 . have been 
prepared and studied. They, too. show many analogies with the ethylenic ketones. See 
Kohler and Potter. J. Am. Chcm. Soc., 67, 1310 (1935). 

141 Stevens, J. Am. Chun. Soc., 67, 1112 (1935). 
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C«H»CH=C(C«Hs)COCiH» + C.HiMgBr - (C,H 5 )=CHCCOC,m 

MgBr 
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(CcHO^CHCCCeHO^CCelU 

OMgBr 


HX 


HX 


(CftHi)cCHCH(C«IU)COCeHs (1) 
IV 

(C*Hj)sCHC(CfH»)*CC«II» - 
in | 

OH 

(C*H»)tCHCH(C.H 4 )COC.H s (2) 



(C«H.)sCHC(C*H.)CC«H» - (C.H.),CIICOC 4 H ft + C.H.CMI 

v 

OH 

m ^h.nhm involving direct addition to the ethylenie linkage is 
\ \ Ip for the Grienard reagent has never been observed to add to an 

11 \eo nlnce the magnesium halide derivative (ii) wiiu 
addition were to take plac<^t »c ^ ^ with oxcess rea K ent to 

sfs ls * 

« f aUdi,iH " <,f "' c °" g, ‘ a ; d 

in Table III. „ddition increases. The mode of addition 

decreases t he amoun , positions of the substituents in the 

tCi Counatd' upon the W present in the Gri^rd 

e>L i «»* 181 (1900). See. also. Kohler. i6k/.. 37. 309 (190<); 
U * Kohler. Am. Chtm - J - ' ^ 64> 40 t,7 (1932): Kohler. Tishler. and Potter. 

Kohler and Mydona. J. t>or | ior proo f Q f addition, also duo to Kohler, 

a,* 67. 2517 U»3«; „ nJ k oM „ „„d Johuslin. Md.. 33. « ,1905). which »« 

Am. them.' J.. 31. - _MgBr in the udditiou product by reaction with benzoyl 

baaed on the replacement ■• of replacement hits been found to bo uure- 

chloridc. is no longer concluB.NO. tor in >i .r.a. 

liable- Kohler and Tiahler. J. Am. Chan. 6oc.. 64. lo94 (193-). 
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reagent. 143 Reaction medium and temperature usually have little effect. 
In the reaction between isophorone and methylmagnesium bromide, 
however, the addition of one mole per cent of cuprous chloride changes 
the course of the reaction from 90 per cent 1,2-addition to 7 per cent 
1,2- and 82 per cent 1,4-addition. 1430 


TABLE III 144 



Per Cent 1,4-Addition With 

Substance 

CsHfcMgBr • 

CtHaMgBr • 


0 

0 

0 



CaH&CH—CHCOCHa. 

12 

60 

C«HsCH—CHCOCHjCHs. 

40 

71 

CaH&CH— CHCOCH(CHj)*. 

88 

100 

CaH&CH —CHCOC(CH a )s. 

100 

100 

CsH&CH—CHCOC rHs. 

94 

99 

(CflHslaC—CHCOCcIU. 


18 

C 6 H&CH—C(C«H 6 )COC6H*. 


100 

CaHiC(CHa)—CHCOCtHt. 

44 

41 





• The remainder of the product is to be accounted for by 1,2-additiou. 


The completely phenylatcd ketone, diphenylbenzalacetophenone, 
does not react with the Grignard reagent under ordinary conditions. 
The forced reaction, at higher temperatures, results in 1,4-addition 
involving a phenyl group. 145 

H C*H» 

(C«H»)iC=C(C«Hi)C —$ \ + C,H»MgBr — (C.II.) 1 C=C(C,H.) 

0 ^ 1 

OMgBr 

If addition involving the phenyl nucleus is blocked by the use of a 
mesityl group, the usual type of 1,4-addition results on forcing the 
reaction. 146 

“’Smith and Hanson. J. Am. Chem. Soc.. 67. 1326 (1935); Colonge, Bull. soc. chim . 
(6) 2. 75-1 (1935). 

hu Kharasch and Tawney, J. Am. Chem. Soc.. 63. 230S (1941). 

144 Kohler. Am. Chem. J.. 38. 511 (1907). 

144 Kohler and Nygaard. J. Am. Chem. Soc.. 62. 4128 (1930). 

145 Kohler and Barnes, ibid., 66. 690 (1933). 
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rm i i « vnrictv of phcnylmeiaiuc com^u-uo 

Th° bchuMor i»ve<ttaated. w# As the reactivity of these 

bcnzalacetophenonc has been » _« (hc a|nount of 1,4-addition 

phenylmctallic compoun > ^ diphenylcalcium and phenyl- 

"™T*- T . h0 Ty SSTJj. ^Vilh «!doh> do, wd 

The ...formation abo it ti c available, the other reactions 

5 Si tzzts&gtrs - '.d — - 

reactions. lWm , of thc cthvlenic linkage, it. is to lx- 

.ssr jss jse.—--—— 


/H 

ClUCll-CHC^ + Cl, 


/H 

C.H.CHCICHCIC^ 


C.H.CH-CHCOC.IU + I*, - C.H.CHBrCHBrCOC.lU 
Most oxidizing agents convert cinnamic aldehyde to benzoic acid. 
Allen ...a Overbauch. M., 67. 740.333 ««», 4 AHe.i and Cm.,, .W„ 6. 937 

(1930): Allen and Bed. *"*•.) 

‘“Gilman -"J f r ,'«. 475 (19.0). 

i«» Kohler and Heritage. /*"»• 



676 


ORGANIC CHEMISTRY 


Atmospheric oxygen or silver oxide, however, furnishes cinnamic acid. 
Ozone gives benzaldehyde, benzoic acid, and a polymer of glyoxal. 160 
Benzalacetophenone is oxidized to benzoic acid by most oxidants, 
including ozone, but nitric acid oxidation furnishes some benzoylformic 
acid. 151 Perbenzoic acid, which forms epoxides with isolated ethylenic 
linkages, 9 rarely attacks a,0-unsaturated carbonyl compounds, while 
alkaline hydrogen peroxide and sodium peroxide, which are without 
effect on isolated ethylenic linkages, form epoxides with a,0-unsaturated 
ketones. 139 

C ft H 6 CH=CHCOC*H* + HOOH C«H*CHCHCOCeH 6 + H*0 

V 

The halogen acids do not add to all a,0-unsaturated carbonyl com¬ 
pounds. Where addition does take place, usually a single product is 
formed and in this product the halogen is attached to the 0 -carbon 
atom; see, however, phenylpropiolic acid, p. 682. The mechanism of 
addition is in all probability 1,4 with hydrogen adding to oxygen, 
followed by ketonization. 

CH«=CHCOCeIU + HC1 - rCHiOCH-CCJhl - CH,C1CH,C0C.H, 

L Ah J 

C.H*CH=CHCOC.H. + HC1 — C.IWCHClCHtCOC.H, 
C,II»CII=C(C,II»)COC.H, + HC1 -* CJI»CHC1CH(C.H»)C0C.H, 

In the presence of aluminum chloride or sulfuric acid, benzene adds 
reversibly to a,0-unsaturated ketones. 152 The addend appears on the 
ethylenic carbon atoms. The mechanism is not clear. 

Hydrogen and diphcnylketcne add both to isolated ethylenic link¬ 
ages and to carbonyl groups. When these two types of double bonds 
are conjugated, hydrogen may be added catalytically or by the use of 
metal combinations. By either method, a,0-unsaturated aldehydes give 
saturated aldehydes, unsaturated alcohols, and saturated alcohols. 
Only rarely is bimolccular reduction of an unsaturated aldehyde en¬ 
countered. 153 Selective reduction of the carbonyl group to yield an 
unsaturated alcohol is accomplished by catalytic reduction with a 
promoter such as ferric chloride, 50 or by means of an aluminum alkoxide 
and an alcohol. 55 

,i0 Harries and Tcmnic. Dcr., 40. 169 (1907). 

151 Claiscn and ClaparMc, Dtr., 14. 2465 (1881). 

»w Kohler. .4m. Chcm. J., 31. 642 (1904); Vorlfinder and Friedberg, Bcr., 66. 1144 
(1923); Eaton, Black, and Fuson. /. ^lm. Chcm. Soc., 66. 687 (1934). 

UJ Sorenson, Stone, and Samuelsen, Ann., 643. 137 (1940). 
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H (C.H» 

C.H.CH=CH< + H, - | CtHi 


C«HiCH=CHCHiOH 1 ^ c „ CHiCHiCH , 0 h 


jCHsCHjCHO J 

Unsaturated ketones ean be reduced to saturated ketones by catalytic 
hydrogenation or to unsaturated alcohols by means of a ummum 
isopropojdde - Reduction by means of metal combinations, however, 
lea£ primarily to bimolecular products- The mechanism of the 
redtuon to saturated ketones by catalytic hydrogen has been shown 
to be probably 1 , 4 -addition; the corresponding reduction b> metal 
^mhinSSSs definitely 1,4-addition.- In all likelihood the formation 
of the bimolecular products involves addition of hydrogen to oxygen 
followed by dimerization in the 4-position. 

C«mCHCH 2 COC»H k 
2CJI.CH-CHCOC.in + H : - CiHt( l HCHjC0C ,H 4 

Diphenylkctene adds both 1,2 and 1.4 to benzalacctophcnone, giving 
a mixture of 0- and 6-lactones.' 17 c.H* 

C4UCH—CH—A—O 

(C,II»):C—C=0 

+ 

C.n*CHCII—CC.H. 

—c—i 

o 


C*H*CH—CHCOC*H. + (C.H») *0-0-0 — 


Of the reactions characteristic of the carbonyl group the addition of 
, 0f k 2 to unsaturated aldehydes and ketones may be considered 
sodium bisulfite t * fonns a bisuIfitc addition product just as 

first. Cinnamic > lonRcd lrca tment with the reagent tlie 

other aldehydes d , Thc cxp i an ation for this behavior 

salt of a disulfo adtliti on of bisulfite to the carbonyl group to 

18 u C ri°l Trnnid and reversible, whereas thc formation of thc sulfonic 
yield [A] is rapid nndtoyorsi^ ^ irrcvcreiblo . As a resu l t the 

bisulfite °additio'n product initially formed gradually disappears as the 
disulfonic acid accumulates. 

"•Arcus and Kenyon. J- f hc ™' l0 i*0 (1920); Harries and HQbncr 

m Conant and Cutter. J. Am. t ncm. 

Ann., 296. 295 0897). R$7 (1937). 
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C«HiCH==CHC^-—OH 

lo,Na 

[A] 


C*H*CH=CHC/ + NaHSOj 


C»H»CHCHjC^ 

^O 

SOjNa 

fjNaHSO, 

CjH»CHCH a C^OH 


iojNa i 


0«Na 


Sodium bisulfite does not add readily to ethylenic linkages, and the 
addition always requires the presence of oxygen or peroxides. Sodium 
bisulfite rarely adds to saturated ketones unless they are methyl ketones. 
This reagent does, however, add to many a,0-unsaturated ketones, 
acids, and esters. 

C,,H 6 CH=CHCOCeH fc + NaHSOj — C«H 6 CHCH 2 COC*H 6 


SOjNa 

Hydrogen cyanide adds 1,2 to the carbonyl group of a,/3-unsaturatcd 
aldehydes; with the corresponding ketones, however, hydrogen cyanide 
furnishes 7 -kctonic nitriles, presumably as a result of 1,4-addition . 158 

A\ / H 

CtHftCH—CHC^ + HCN — COUCH—CHC—OH 

° CN 

C«H 6 CH—CIICOC«H* + HCN — CJUCHCIUCOC.IU 

I 

CN 

The behavior of carbonyl reagents, such as hydrazine, phenylhy- 
drazine, seniicarbazidc, and hydroxylamine, toward a, 0 -unsaturated 
aldehydes and ketones depends upon the conditions under which the 
reactions arc carried out, as well as upon the substituents present in the 
carbonyl compound. In an acidic medium these reagents usually form 
hydrazones, phenylhvdrazones, scmicarbazoncs, and oximes. In an 
alkaline medium the reactions are much more complex, and products 
have been obtained corresponding to reactions both with the ethylenic 
linkage and the carbonyl group. Secondary products, duo to reactions 
involving active hydrogen atoms in the primary addition products and 
to oxidation-reduction reactions, are also formed. An extreme example 
is benzalacetophenone, which furnishes the following six different prod¬ 
ucts on treatment with hydroxylamine and alkali . 1 * 9 

»« Michael. J. Am. Chcm. Svc.. 59. 744 il937). 

,J * Flock. Dissertation. Leipzig (1903); Auwers and Muller, J. jrrakt. Chcm., 137, 57 
(1933). 
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C.H.CCH,COC.H. C.H.CHCH : CC.H. C.H.CCH.CC.H. 

|j 0H NHOH NOH NOH NOH 


C fl HsCHCH 2 CCeHs 
-N 


C«HsC=CHCC«H: 

I II 

O-N 


C«H fc CHCH 2 COC 6 H5 

I 

NOH 

C 6 HsCHCH 2 COCeH fc 

With methoxyamine instead of hydroxylaminc. secondary reactions do 
not take place and the products are thosc ^ting from addition to 
ethvlenic linkage, presumably through a 1,4-addition. 

With a, 5 -unsaturatod carbonyl compounds, ammonia and amines 
furnish products corresponding to addition to the ethylcmc inkagtv 
,he reactions just described, complications may result from 
secondary 0 reactions due to the active hydrogen atoms » the pnmary 
addition products. 

( CH 3 ) 2 C—CHCOCH, + NH« — (CH,) 2 CCH 2 COCH, 

NH- 

pounds, adjacence to an unsaturated group, will 

reversibly with £—? 

reaction is analogous 

to the aldolization reactions of simple aldehjde.. 

C.H.CH-CHC<\ CIli(COiC,H >)> - C.H.CH-CHCH-C(CO,C,H.>, + H.O 

With unsaturated when^hc'crignard 

reagent a^s^ The reagent adds as H and A, and A always appears 
attached to the 5 -carbon atom. ,e - 

C.H.CH-CHCOC.H. + CHs(COjCjH»)» s* C.H.CHCH.COC.H. 

CH(CO s C a H»)s 

r, . • nnr »n nf to use only a small amount of alkali to prevent 

reversal ofThc addition and to avoid secondary reactions.'* Thus, in 

»•* Vorfandor. Ann.. 320. 00 m.Soe. .46. 1987 (1023) ; Michael and Roae. ibid. 

»•> Kohler and P. Allen. J. Am.Lncm. o . 

62 . 4698 (1930. ; 66 . 1032 (1933) ; Connor. .W.. 66. 2713 (1034). 
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the presence of a small amount of alkali, cyanoacetic ester adds to 
benzalacetone, but with one equivalent of alkali the primary addition 
product is cyclized. 

C 6 H 6 CH=CHCOCH 3 + NCCH 2 CO 2 CH 3 «=* 

CeHsCHCHaCOCHs -> C 6 HsCHCH 2 COCH2 

I I I 

NCCHC02CH 3 NCCH- 0=0 

Frequently the primary addition product adds to a second molecule of 
ketone to form a “trimolecular” product. Reversal of the addition 
reaction does not always lead to the original products: the reaction 
between diethyl mcthylmalonate and benzalacetophenone using a mole 
of alcoholate furnishes ethyl benzoylacetate and ethyl a-methyl-cin- 
namate. 164 In this connection comparison should be made with the 
addition of malonic esters to a,/3-unsaturated esters described on p. 682. 

C.H»CH—CHCOC.H. CJI*CHCHjCOC*H» C.H.COCH a COaC 2 H» 

+ — I - + 

CHjCH(COjCjH*)j (CH,)C(C0 2 C,II.) 2 C.H.CH—C(CH,)COiC*H» 

Thiophenol 165 and sulfinic acids 166 add 1,4 to unsaturated ketones as 
H and A, the hydrogen appearing on the a-carbon atom in the addition 
product. 

C«H 6 CH=CHCOCeH 6 + CIIaCeH.SOjH — C fl H*CHCH 2 COC fl H6 

CHaCtHiSOj 


The reactions of a,/3-unsaturated ketones with phosphorus penta- 
chloride and trichloride are difficult to classify. The pentachloride 
furnishes phosphorus oxychloride and oxygen-free unsaturated com¬ 
pounds containing chlorine. 167 The mechanism may be 1,2- or 1,4-addi¬ 
tion. The product [B] obtained from benzalacetophenone corresponds 
to 1,4-addition, but a 1,2-addition product [A] would contain a system 
that is known to rearrange easily, and 1,2-addition followed by rear¬ 
rangement would also furnish [B]. 

Cl 0PC1«1 
Lc.h.ch==chccji» J — 

POC1, + CJI»CH=CHCC1:C*H» [A] 


C«H»CH=CIICOCeII» + PCI. 



0PC1« I 

c.h.chcich=Ac*h.J - 

P0C1. + C JI.CHC1CH=C(C1)C «H» [BJ 


184 Holden and Lapworth, J. Chcm. Soc., 2368 (1931). 

184 Posner, Her.. 37. 502 (1904) ; Ruhemann, J. Chcm. Soc., 87. 17, 461 (1905). 
188 Kohler and Reimer, Am. Chcm. J.. 31, 103 (1904). 

187 Straus. Ann., 393. 235 (1912); Conard. J. Am. Chcm. Soc.. 62. 1002 (1940). 
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In the reversible addition of phosphorus and organophosphorus halides 
the addend does not dissociate; instead the phosphorus undergoes an 
increase in valence and cyclic products result. 1 

C»H k CH=CHCOC«H k + C»H»PC1, C,H»CHCH=CC.H, 

C.H.P(Cl-)—O 

In the reaction between diazonium salts and some a 0 -unsaturated 
carbonyl compounds, nitrogen is eliminated and an a-hydrogen atom 
is replaced by an aryl group. 16 * 


C.H 6 CH=CHC /rl + C1C.H.N,C1 - C.H.CH-CC^O + N, + HC1 


H 


rt I 


a,p-Unsaturated Acids and Esters 

Simple a^-ethylenic and acetylenic acids, their derivatives and 

often'^e predicted fairly closely by analogy with the corresponding 
ketones. 

C.H.CH-CIICO.R + CHi(COjIt)3 ^ C.IUCHCH = CO=R 


CH(COjR)a 
HX 

CtlUCU=CHC0 2 Clh + CHjMgl > 

C«HfcCH=CIIC(OH)(Cll3)2 11,2-addit.onl 
1IX 

C,H k CH=CHC0 3 CHj + C«H»MgBr * 

(C«H»).CHCHjCOC«Hs 11 , 2 - then 1 , 4 -addit.on) 

IIX 

C,H k CH=C(C,H t )CO J CII J + CHjMgl * 

C.H»CH=C(C.H»)C(OH)(CH,), 11,2-add.t.onl 
HX 

C.IUCI^CfC.IWCOsCH, + C.lUMgBr * 

(C«m) 3 CIlCH(C»H»)COjCHj 11,4-addition) 

:r. lM - 237 ° 939 ’- 

Kohler and Heritage. Am. Chem.J ...SSL ( ). 

»»» Kohler and Horitago. ibid., 33. 153 
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A striking exception is furnished by phenylpropiolic acid, which adds 
hydrogen bromide to furnish a-bromocinnamic or /3-bromocinnamic 
acid, depending upon the solvent. 172 

In the addition of malonic esters to a,/3-unsaturated esters complica¬ 
tions result when one mole of alkoxide is used to bring about the reaction. 
When methylmalonic ester adds to crotonic ester in the presence of a 
small amount of alkoxide the normal addition product [A] results; with 
a mole of alkoxide the rearranged product [B] is obtained. 

CH 3 CHCH 2 C0 2 R 



Alternative explanations of this type of rearrangement have been 
advanced by Michael ,M and by Lapworth, 164 but at present evidence 


for a decision between these explanations is lacking. 1 ” 

Hydrogen cyanide adds to esters of a,/3-unsaturated aliphatic acids 
and to ethyl cinnamate. The primary addition products have rarely been 
isolated; 1730 on hydrolysis they furnish substituted succinic acids. 173 
Hydrogen cyanide adds to unsaturated malonic esters in alkaline solu¬ 
tion, and addition is accompanied by hydrolysis and loss of carbon 


dioxide. 1210 


C«H 6 CH=C(C0 2 R) 2 



CeH&CHCH*CO*H 


CN 

Aliphatic diazo compounds add to a,/3-unsaturated esters. The 
reactions arc useful in the synthesis of pvrazolines, pyrazoles, and 
cyclopropanes. 

RCH=CHC0 2 CH 3 + CHjN a — RCH-CHC0 2 CH 3 174 

CH NH 

171 Michael and Shadingor. J. Org. Chem., 4. 12S (1939). 

171 (a) Brodtand Kallen. Ann.. 293.342 (1896); Higginbotham and Lapwortb .J.Chem. 
Soc.. 121. 49 (1922); Farmer, Ghosal. and Kon. J. Chem. Soc., 1804 (1936); Michael, J. 
Org. Chem., 2 . 303 (1937); Gardner and Rydon. J. Chem. Soc., 42 (1938). 

174 Pechmann and Burkard. Ber., 33. 3590, 3594, 3697 (1900); Auwore and Ungemach 
Ber., 66. 1205 (1933). 
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CH 2 =CHC0 2 C 2 H. + NjCHCOjCjHi - CH 2 —CHC0 2 C 2 H. 1,4 

HtCiOiCCH N 

Aromatic di-bium calU met a 

is eliminated, and add!tion a.-, Ar>l ^ J a para Uol reaction 

the and S-up repl^s an 

takes pia > dioxide is lost to furnish stilbenes . 1 

acid, it i, poadbi. by „«dyi» S tt. ra.« 

^rStS ss 

are available. 17 * 


CH,CH 2 CH=CHC0 2 H k - 1.5 
CH.CH=CHCH 2 C0 2 H k - 74.0 


C,H»CH=CHCO : H k = 0.937 
C.H.CH-CH-CO.H k - 47.3 


Similarly the effect of 

of an ethylcnic linkage can be os J acids Determina ,ion of 

rates of add.t.on 6Tbnaa f brolninc add ition to an ethylenic ltak- 

is much slowcr thaD lo an 130 
ethylenic Unkage. TABLE jy 

Bromine Addition 

Substance k 15 « 

4.7 X 10-* 

3.3 X 10“* 


CHjCH—CHCOjH 
CHaCHjCH—CHCOjH 
C H»CH—CHCHjCOjH 


10.0 


, U arid to ethylenic double bonds is also 

The addition of hyp' con j U gated with a carboxyl group and 

much retarded if thc j» n ; nflucncod by the proximity of the ethylenic 
the nature of the P™J***“ TheacidsC H 3 CH=CHCH 2 CH 2 C0 2 H 

linkage to the carboxyl gro 1 . 1 hypoclilorous acid readily 

SJ “• mil“» “ “c »“ — > h ” “ W 

. . <27*1 ‘‘14 (1893); Auwcra and Ungeinach. Bcr., 66, 

>» Buchner und co-worker*. Ann.. **-»• - 

1108 (1033). , .. , ... _ toe., 96. 315 (1909). 

» 7 * Sudtx>ro<vgh nn<* Gittm*. J. < - ^ 2451 (1910). 

»” Sud»x>rough and 1 hon.oa. « • •• • . * (lW2) . Bloomfield. Farmer, and Hobcv 

n. Bloomfield and *•. «1~. reference 38. 

ibid.. 800 (1933)1 Farmer and Hose. . 
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CH 3 CH 2 CH 2 CH=CHC 02 H combines with the same addend very 
slowly and gives only one product. 

CH 3 CH 2 CH 2 CH0HCHC1C0 2 H 

Such unidirectional addition of hypochlorous acid to <x,0-unsatu rated 
acids does not always take place, as the following data show, for this 
reagent is not of the HA type where H necessarily enters the molecule 
via oxygen. 

TABLE V 

Per Cent Product with OH 
Substance on /9-Carbon Atom* 


ch 3 ch=chco 2 h 

74 

CH 2 =C(CH 3 )C0 2 H 

10 

CH 3 CH=C(CH 3 )C0 2 H 

38 

C fi H 6 CH=CHC0 2 H 

100 

CcHfrCH =C(CH 3 )C0 2 H 

100 


• Balance of product has OH on a-«arbon atom. 

In the discussion of a, 0 -unsaturated acids frequent references to and 
comparison with 0 , 7 -unsaturntcd acids have been made.* The 0 , 7 - 
unsaturated acids illustrate a very general tendency of 0 , 7 -unsaturated 
systems to rearrange to conjugated a, 0 -unsaturated systems which are 
usually more stable. 

C,HjCH-=CHCH s C0 2 H c,h 6 ch,ch=chco 2 h 

0 , 7 -Unsaturatcd acids often show a tendency to form isomeric saturated 
lactones by intramolecular addition. Since this reaction is not reversible 
it will go to completion, and an a, 0 -acid may isomerize first to the 
0 , 7 -acid and then cyclize. 7 ,$-Unsaturated acids form lactones and 
cyclic ketones . 179 

When the unsaturation in the 0 , 7 -position is a carbonyl group, keto- 
enol tautoincrism occurs. 

CH,CCH 2 C0 2 C S H| ?=* ch 3 c=chco 2 c 2 h 5 

I! I 

O OH 

The factors affecting the stability of a,0- and 0 , 7 -isomerides have been 
extensively investigated , 180 but, beyond noting that tautomcrism is 

•The* giutnconic acids, H0 3 CCH,CH==CHCO:H. combine both a.0 and 0,y unsat- 
uration, and the chemistry of those acids and their derivatives has presented many prob¬ 
lems of unusual interest. Though complex, the reactions of the glutaconic ncids can be 
satisfactorily accounted for by the simultaneous occurrence of geometrical isomerism 
and 1.3-rcarrangcments, Kon and Nanji, J. Chem. Soc., 2426 (1932); a detailed discussion 
of these reactions is beyond the scope of this chapter. 

179 Plattner and Pfau, Hclv. Chim. Acta, 20, 1474 (1937). 

180 Baker, •‘Tautomerism," Routlcdgc and Sons, London (1934). 
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essentially an interconversion of afi- and 0 ,y-unsaturated systems, it 

will not be discussed in this chapter. 

A comparison between the reactivities of two conjugated s> stems, 
in one of which an ethylenic linkage is conjugated with a carbonyl group 
while in the other the ethylenic linkage is conjugated with a carbalkoxy 
group is possible using / 3 -benzoylacryUc ester. W ith this compound HA 
reagents Tdd to the conjugated system containing the carbonyl group. 
C«HiCOCH=CHCO-C2H» + CH.NO, C.H.COCH-CHCO-C.H. 

CHjNOj 

The Diene Synthesis 

The diene synthesis consists of the 1 , 4 -addition to a conjugated diene 
of an ethylenic compound in which the ethylenic linkage usually is but 
\ ho nirt of a conjugated system. Isolated examples of the 

Si biik-- to over my W to. -he to*, 

ti tot «co ( nM to toto ton*-” “> d h " ““ b *“ 

“72« o b , y .“"i a to.<«»- —... 

butadiene. 

.CIU / \ 

CH CH, CH CH, 

CH CHCHO Cll CHCHO 

V:h, \h, 

It will be noticed that 1 , 4 -addition has taken place, that the addend has 
* tit ond that a cyclic compound has been formed. The more use- 
not split, and fl . unS atu rated compounds such as maleic 

ful addends havc^ ^ di ,. arboxyUc ester, and the quinoncs, but 

anhydride a ^ ^ addends (the dimerization of isoprene),' K 

conjugated die• ■ ' { , cthy i cn ic compounds such as vinyl 

“ 3 £SV which the ethylenic linkage is activated by 

^ STlJiSSi; takespkice in the diene synthesis even though the 

1 - and 6-positions are available. 

... Kohler ond nnsdUccM. J. Am .. CJ»- **- «• 704 < l919, ‘ 

1 MTildcn, J. Cl,cm. Sjc.. 46. 410 

U : Euler ond Jusoph^n Her M. ± numcrou8 latcr article; also Adam, and 

... Diels and Aider A nn.. 1 ^ ^ ^ Qlul V an Allan. **.. 050. 

Gold. J. Am. C /icm. .. . . (1WD) Ketone*, however, do not enter into the 

- A ,der and R‘^ert ,tnn.^43.1 prichord Jm Am , C W 5oc . t 61 . 7 (1939)- 

dieno ,ynthesis; Smith. Ape. LceK»e>. 

Josh cl and But*, ibul., 63. 3351 (1941). 
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C«H 6 CH=CH—CH 

CHCO 
CH \ 

I + P 

CH / 

|| CHCO 

CflHfcCH 


C 6 H 6 CH=CH—CH 

/ \ 

CH CHCO 

II I >0 

CH CHCO 

\ / 

CH 

I 

C*Hs 


Polyenes add one mole of maleic anhydride for each independent con¬ 
jugated system; thus, diphenyldodecahexaene adds three moles of the 
anhydride. 184 

The diene synthesis is applicable to cyclic dienes, some furans, and 
coumalin.* When the diene is cyclic, bridged ring products result. 
Endoethylenic bridges, such as that in [A], are eliminated as ethylenic 
hydrocarbons on heating, and since the hydrogen atoms marked with 
asterisks are easily removed by oxidation, it is possible to convert the 

CH CH 

✓ / \ 

CH CH, CH CH, 

| CH, + II ** II CH,| 

CH CHCHO CH CHCHO 

% \ / 

CH CH 


CH 

✓ \ 

CH CH, 

I I 

CII CH, 

\ / 

CH 


Jl CH 

/ C \ / % 
CH C CH 

II II I 

CH C CH 

\ c / \ ✓ 

V CH 


CH JL CH 

/ \ / C \ / % 

CH CII* C CH 

CH, 

CH, 

CH CH* CH 

\ / \ c / w 

CH n CH 


+ C,H< + H, 


Kuhn and Wagner-Jaurcgg, Bcr., 63, 2G62 (1930). 

* Heterocyclic nitrogen compounds react, but in a different manner. 
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addition products to aromatic compounds. When the structures of the 
aromatic compounds are known it is possible to T> rk hack to the struc¬ 
ture of the diene. Carbonyl bridges, such as that * n J B1 > “* “ 

carbon monoxide on heating, and the resulting d.bydrobenzenes are 

easily dehydrogenated. 1 * 7 


CeH*C=CC«H 6 

C= 

/ 

CeH 6 C=CC fl H6 


O + 


CIICOiCHj 

CHCOjCH* 

C«Hk 


C#H* 


C.HfcC I CHCO,CH, 
II CO l 

C«H»C l CHCO-CHj 


C«H»C CCO,CH, + CO 

it 

C«H$C CCOiCHs + H; 


N/ 




CiH» 

|BI 


CftlU 


The diene synthesis always proceeds f ^o^lectively to give polycyclic 
compounds with - otherwise 

• > lo nr difficultly accessible products, and they have been much 

SS win 0 :!: in 8 ,: V syntheses. the reaction is of diagnostic 
value only when it is positive. 1 ** 

Conjugation of an Ethylenic Linkage with a Nitrile or Nitro Group 

In this brief section will be mentioned certain reactions of systems 

V . ihvlenic linkage is conjugated with some group other than 
m which an ethywne mkag di J scussed The section is short as the 

those which have new tvp) . s of conjugation than to show that 

fhcTnew Jypes exhibit the typical behavior of the conjugated systems 

^ ™dc*o both 1,2- and 1,-additioni 

■« Alien »nd Shops. C«"- J- 171 

Z 2004 l,933 > • c -“ n °" d Coro,hor * 

ibid., 55. 2043 0033). 
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the factors influencing the mode of addition are similar to those dis¬ 
cussed in connection with the a,/?-unsaturated ketones. 

C6HsCH=CHC==N + CH 2 (C0 2 R) 2 C fl H 6 CHCH 2 CN“ 2 


CH(COiR): 


CeH 6 CH=CHC==N + CaH&MgBr 


H,0 


C 6 H 6 CH=CHC=NMgBr C«H 5 CH=CHCO 

I Ua I 


190 


c«h 5 

C«H 6 CH=C(C a H 6 )COC«H* 


+ 


CeHs 

C fl H 6 CH=C(C«H 6 )C=N + CeH 5 MgBr -> 

C«H6CH=C(C 6 H 6 )C=NMgBr 

CeH 6 I* 

' r HX 

(C 6 H 6 ) 2 CHC(C«H 6 )=C=NMgBr (C 6 H6) 2 CHCH(C fl H 6 )Cs=N 

The a,0-un saturated nitro compounds behave in the main like 
ketones, but their reactions are more complex. ® 0(o) 

C«H*CH—C(C e H*)NO, + H 2 -♦ CeHsCH 2 C=NOH 

C«H 6 

2C 6 H*CH—CHNO t + H 2 -► C«H 6 CHCH 2 N0 2 

I 

C e H 6 CHCH 2 N0 2 

With the Grignard reagent and substituted a,0-unsaturated nitro com¬ 
pounds, only 1,4-addition is obtained. ,9 ' 


C c H a CH—C(C«H i)NO« (C.H*) 2 CHC(C.H*)=N<^ 


(C*H 6 ) 2 C=C(C.Hs)N0 2 


HX 

cn,M«i 


HX 


> (C«Hs) 2 C(CH3)C(CeHs)= 


<H 


Conjugate addition to a carbon-nitrogen double bond and a double 
bond of a phenyl group (p. 506) has also been observed in the reaction 
between phenylmagncsium bromide and benzophenone-anil. 192 


C*II»C=NC«H» 

ff^l + C*HsMgBr 



CeHiCHNHCeHi 
JeH 4 


HX 



150 Kohler. Am. Chem. J.. 35. 3SG (1906). 

191 Kohler and Stone. J. Am. Chcm. Soc.. 62. 761 (1930). 
* Gilman. Kirby, and Kinney, ibid.. 61. 2252 (1929). 
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Crossed Conjugated Systems 

Three or more conjugated double bonds which are not arranged in 
a continuous chain form what is known as a crossed conjugated system. 

Examples are furnished by the pentadicneones, 



6 5 2 1 

the branched-chained acids, C=C—C=C, 

HOO=0 

4 3 


and the 


O 4 

para-quinones, 


CH—CH 

^>C—O. The more important crossed conjugated systems 
CH—CH 

contain oxygen, and it will be noticed that they can be considered as 
being made up of two or more separate conjugated systems with one 

" The pen'tadienconeT'have been the subjcet.of many investigations, 
as a result of which it is known that they show most of the churacter- 
?stic reactions of the simpler a,.-unsaturated ketone, «^ogen adds 
to the cthylcnic linkages, and two moles of halogen may be added to 
pentadicneones In general, however, it is more difficult to add the 
second mole than the fimt mole of a reagent to a pentad,eneone, even 
though the product of addition of one mole still contains a conjugated 

^Thc Grignard reagent adds 1,4 to the conjugated system, C-C-C. 

o 

in a pentadiencone,'- even though an excess of the reagent is used, 
only one mole adds at a time. 

C.H.CH-CHCOCH-CHC4I. + CJUMgBr - (C.H.bCIICH-CCH-OfG.n. 


3 

■CH 


1 


iix 


>MgI3r 


(C*H»)»CIlCHjCOCH=CHC*lI» 

IB1 

The reaction leading to thc singly unsaturated ketone [B] affords Strik- 
• i „ f,,,. i 4 _o,l(iition and against direct addition to the ethyleinc 
HnkagTA second mole of thc Grignard reagent can be added but only 
after tiie conjugated system C=C-C=C has been generated by 

». Kohler dm. Chew. 7.. 37. 309 (.907,: 38. 611 (1907,; Woodward. Borcherdl. a,a. 
Fueon. J. Aw. Chew. See- 66. 3103 (1934,. 
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acidification of the magnesium derivative [A] and formation of the 
ketone [B]. 

HX 

(C 6 Hs) 2 CHCH 2 COCH=CHC«H6 + CeHtMgBr-> 

(CeH 6 ) 2 CHCH 2 COCH 2 CH(C,Hs) 2 


The mode of addition to pentadieneoncs of substances having hydro¬ 
gen atoms activated by adjacence to unsaturated groups is similar to 
the mode of addition of these same reagents to singly a, 0 -unsaturated 
ketones. The ease of addition is affected by minor variations in the 
structures of the ketone or the addend, and the addition products often 
react further to furnish cyclic compounds. From dibenzalacetone and 
malonic ester, each of the three possible products has been isolated; the 
cyclic ester is the result of an intramolecular addition process which is 
perfectly analogous to the intermodular addition of a substituted 
malonic ester to an a,/3-unsaturated ketone. 1 w 


C.H*CH«CHCOCH=*CHCm»+CH»(CO t CH,), ^ C.H*CHCH,COCH=CHC«H» 

ilI(CO,CH,). 


C.H.CHCH.COCHiCHC.H, 

imco.cii,), d:H(co,CH,), 



X C(CO,CII,), 


Dibenzalpropionic acid contains a crossed conjugated system which 
includes a carboxyl group. 

C*II&CII=CIIC=CHC«H6 C«H*CHBrCH=-CCHBrCeH6 

I + Br 2 — I 

IIOC-0 H0C=0 

3 4 

Bromine adds mostly to the ends of the 1,2,5,6-system, but some 1,2- 
dibromide is formed. Hj'drogen and compounds of the HA type, con¬ 
taining hydrogen activated by adjacencc to an unsaturated group, add 
to the 1*2,3,4-system. These addends appear in the final products 
attached to the 1- and 2-carbon atoms; the addition, however, is doubt¬ 
less conjugate followed by ketonization. 

*•« Kohler and Hclrnkamp. ibid.. 46. 1018 (1924); Kohler nud Dewey, ibid.. 46, 1267 
(1924). 
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a-Cyanocinnamic ester contains a crossed conjugated system 
including a carbalkoxy and a cyano group. The addition of the Gng- 
nard reagent presumably takes place 1,4 to the system containing the 
cyano group, but the evidence for the location of the —MgBr group m 
the addition product is not conclusive.'* 

C«H»CH“CCOjCiHi (C«H»)*CHCHCOjC«H» 


CN 


CN 


Quinones present a more complex picture than the substances here¬ 
tofore considered since the presence of a second carbonyl group intro¬ 
duces additional complications. In many respects quinones resemble 
the unsaturated 1,4-diketones which are to bo considered shortly. In 
the quinones there are two independent and four dependent conjugated 
systems of four atoms each, and two long conjugated systems of s,x 
atoms each, in addition to two carbonyl groups and two olefime linkages 
that may function independently of each other The isolation of all the 
compounds formed in an addition reaction involving a qu.none is usually 
very difficult; not only is the reaction mixture composed of add, on 
products but also there are substances resulting from oxidation and reduc¬ 
tion reactions. Quinone adds bromine stepwise m the 3,4-pos.t.ons, form¬ 
ing quinone di- and tetrabromides. Phenylaz.de, d.azomcthane, and 
the dienes also add in the 3,4-positions. On reduction hydroquinone 
results; the hydrogen is found on the oxygen atoms as a'«•“>« °^ 
addition. All quinones, regardless of the distance between the carbonyl 
groups, add hydrogen at the ends of the conjugated system Substances 
having active hydrogen atoms (nitromethane, malon.c ester and the 
like) also add to quinones, but a complex mixture of products always 

^Perhaps the most interesting addition reactions of the quinones are 
those in which the addend is of the type HX. Hydrogen chloride yields 
mainly a chlorohydroquinonc; aniline forms a mono- and a d,anil.no- 
quinone.- The formation of these products is readily accounted for by 
assuming that 1,4-addition firet lakes place; the intermediate [A] has 
an active hydrogen atom which undergoes enolization to give he sub¬ 
stituted hydroquinone [B), which is then oxidized by a molecule of the 
original quinone to furnish a substituted quinone [C while the oxidant 
Ls reduced to hydroquinone. Although a second molecule of HX could 
add in several ways, actually it adds in but one way to furnish [D]. 

>•» Kohler and Rcimer. Am. Chem. J.. 333 (1906). 

‘••Suida ond Suidu. Ann.. 41®. 1*3 (1918). 
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The succeeding steps to the disubstituted quinone are a repetition of the 
preceding steps. 


0 

II 

CH CH 

II II 

CH CH 

\c/ 


EX 


0 

II 

/ c \ 

CH CH 


OH 

1 

OH 

l 

A 


CH CH 

i ii 

CH 

1 II “ 

CHX CH 

_^ j 

CX 

NA 


ll 

1 

0 

OH 

IA1 

IB] 


OH 


/\ 

CH CHX 


CH 

II 

CH 


HX 

II II ->11 I 

CX CH CX CH 

\ c / 

II I 

0 OH 

!C| 


/°X 

CH CX 

II I 

CX CH 

w 


OH 

IDI 


Quinone 


Quinono 




o 

II 

/°\ 

CH CX 

11 

CX CH 

N/ 

ll 

0 


The addition of hydrogen cyanide is unique; two molecules of the 
reagent add, but in the resulting dicyanohydroquinone both cyano 
groups are on the same side of the benzene ring. The explanation is as 
follows: the first step resembles the scheme outlined above, a mono- 
cyanoquinone C' of type C resulting. This substance, however, contains 
an alternate conjugated system involving the nitrile group, to which hy¬ 
drogen cyanide will add more readily than to the system C=C— 0=0; 217 
rearrangement of the hydrogen atoms leads to the dicyanohydro¬ 
quinone. 1 ® 7 



C' 


1" Alien and Wilson. J. Am. Chcm. Soc., 63, 175C (1941). 
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Long Conjugated Systems 

The unsaturated compounds considered so far have contained, with 
the exception of the quinoncs, no more than two conjugated double 
bonds arranged in a continuous chain, and they have presented the 
possibilities of 1,2- and 1,4-addition. When three conjugated double 
bonds are arranged in a continuous chain the possibilities are more 
numerous: 1,2-addition at each double bond, 1,4-addition to either of 
the two conjugated systems, and 1,6-addition at the ends of the long 
conjugated system. With more than three conjugated double bonds 
arranged in a continuous chain the number of possible modes of addition 
is still greater, but such systems are not common and for the most part 
systems containing three conjugated double bonds only will be dealt 
with. Hydrogen, bromine, malonic ester, the Grignard reagent and 
phosphorus pentachloride have been reported to undergo 1,«-add.Uon, 
where n>4, but this type of addition to the ends of long conjugated 

systems is common only with hydrogen. _ 

The terminally phenylatcd dienes on reduction with metal combina¬ 
tions add but one mole of hydrogen, and the addition as always at the 
ends of the conjugated system. 1 ** 

C.H»CH—CHCH—CHCH—CHC.H» + H» — 

C.H.CH,CH=CHCH=CHCH,C,H, 


On catalytic reduction with one mole of hydrogen these polyenes give 
mixtures of unattacked and completely reduced material; the reduction 
to plicnylated paraffins is, of course, complete when sufficient hydrogen 
is used. A single example of 1,6-addition of halogen to a polyene has 
been reported; 1,3,5-hexatriene furnishes a 1,2-d.brom.dc ... the absence 
of hydrogen bromide and a 1,6-dibromide in the presence of hydrogen 

bromide-'" CH.-CHCH-CHCH—CH, + Hr, 


ilDr present 
CHjBrCH=CHCH=CHCH-Br 


II Dr absent 

CH 2 BrCIIRrCH=CIICH=CH* 


The other addition reactions of the polyenes arc either 1,2 or 1,4. 

Certain unsaturated 1,4-diketones furnish, on reduction, mixtures of 
saturated 1,4-dikctoncs and furans. Since saturated 1,4-d.ketones are 

Kuhn and Wtotaf.fi>. «<" «.». AC h «. «»<«««• > “ r “ 

of tho preparation, proportica. and reaction, of the phenylatcd polyene, compare Heir 

Chim. Ada, 11, 87-151 ( 1928 ). 

i" Farmer. Laroi. Switz. and Thorpe J • C hem. Soc.. .937 (19-7). 
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known to furnish furans on dehydration, the formation of furans on 
reduction may proceed by way of the saturated ketones. It has been 
shown in several cases, however, that unsaturated 1,4-diketones can be 
reduced to yield, principally, furans under conditions such that no 
appreciable conversion of the saturated ketones to the furans takes 
place. 200 This affords convincing evidence that the reduction of un- 
saturated 1,4-diketones proceeds through 1,6-addition and that the 
resulting dienol [A] may either rearrange to the saturated diketone [B] 
or eliminate water to form the furan [C], probably via a monoenol. 201 


C 8 H 6 COCH=CHCOC«H6 + H, -♦ 

rc 6 HsC=CHCH=CC 6 H 6 

I I 

OH OH 

(A| 

i 

CH-CH 

II II 

CeH*C CCeH* 

N>/ 

(Cl 

By analogy with the unsaturated 1,4-diketones, a l,n-addition of 
hydrogen may be assumed to take place in the notably easy reduction ot 
a number of long conjugated systems which terminate at both ends in 
oxygen; 1,6-addition in the reduction of maleic acid and its analogs, 
o-phthalic acid, the para-quinones, and many vat dyes; 1,8-addition in 
the reduction of tcrephthaldchyde, muconic acid, and terephthalic acid; 
and even higher types of addition in the reduction of polynuclear 
quinones. In the examples just cited there is no direct evidence for the 
type of addition assumed, but the reduction of ortho- and para-dinitro- 
benzene to the nitrosonitrobenzenes, under conditions such that meta- 
dinitrobcnzenc is not affected, docs constitute evidence for 1,6 and 1,8- 
addition of hydrogen. 202 


-♦ C fl H 6 COCH a CH*COCflH* 
IB] 




200 Lutz, J. Am. Chem. Soc.. 61. 3008 (1929); Lutz and Revoley, ibid., 61. 1864 (1939) 
,0 > Lutz and Kiblcr. ibid., 62. 3G0 (1940). 

*•» Mcieenheimer. Dcr.. 36. 4174 (1903). 
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Returning again to the unsaturated 1,4-diketones, it ls to be noted 
that the addition of reagents other than hydrogen Ls 1,2 or 1,4, but never 
1,6. Halogen, as usual, adds 1,2 to the ethylemc linkage. Halogen 
acids add 1,4 to the system C=C-C=0, and the addition products 
serve to establish the mechanism as 1,4-addition with hydrogen entering 
the molecule at an oxygen atom. Both m- and Irnns-dibenaoylchloro- 
ethylenes [A] add hydrogen chloride in chloroform or ether to give 
mixtures of meto and racemic dibcnzoylchloroethanes [C]. The ratio 
in which the chloroethai.es are formed is dependent on the conditions 
under which the addition is carried out and not on the configuration of 
the starting materials. Boll, the me.-o and racemic chlorocthai.es are 
stable under the conditions obtaining in the addition reactions so that 
there is no isomerization due to the reagents. These apparent stereo¬ 
chemical inconsistencies can lx- interpreted on the assumption that 
1,4-addition of hydrogen chloride takes place to form the enol [B] 
for in this process the stereoisomerism about the ethylemc double bond 
in the starting material is destroyed The enol can then ke omzc to 
form the chloroethanes, and the ratio in which the chloroethanes are 
formed will be dependent on the conditions under which kcton.za ion 
takes place and independent of the configuration of the chloroethylene 
used. The enol [B] may also lose a molecule of water to Iform the furan 
[D], When the addition of hydrogen chloride is carried ou.n alcohol 
the furan [II] is obtained, and this, since the chloroet hanes [C] arc not 
converted to the furan [D] under these conditions, is additional cm- 

dcnce for 1 ,4-addition.* 01 


CfiHfiCOCII^CCCDCOCfilU + HC1 

|n« Utl l'an >| 

|A| 


cci—cci 


CcH b cocnc\ciC\)=cc 

IB) ■ HO 


elU 


CelUCOClIClCMCICOCell. 

und rar<>mic| jc) 


C«H»C CC.1U 
mi 

The addition of the Grignard reagent to unsat,.rated 1,4-dikctones 
furnishes 1,4- and sometimes 1 , 2 -addition products. Ihus, d.bcnzoyb 
ethylene and phenylmagnesiun. bromide give desy acetophononc 
and phenyldibenzoylethylene with tl.e same reagent furnishes bides, I 

,0 » Lutz and Wilder. J. Am. C'hem. Soe.. 66. 1193 (1934). 

*°* Lutz and Tyson. 66. 1341 (1934». 
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and tetraphenylfuran . 205 The persistence of the second carbonyl group 
unattacked through these reactions is presumably to be accounted for 
by the formation of a magnesium derivative of the enolic form. 


C„H 6 COCH=CHCOC«H 6 C 6 H 6 COCHCH 2 COCeH 6 


HX 


C,H 6 COC(C,H 6 )=CHCOC,H 6 5‘ H »*' lBr > 

Ha 


c«h 6 


CeH 6 COCH—CHCOCeH* C 6 H 6 C- 

II +|| 

CflHfc CftHb CeHfcC 


-CCflH< 




CC 8 H ( 


Contrasted with these examples of 1,4-addition is the reaction between 
dibcnzoylstilbcne and the Grignard reagent which furnishes only 1,2- 
addition products. 205 

Cinnamalaeetophcnone is representative of long conjugated systems 
made up of two ethylenic linkages and a terminal carbonyl group. The 
reaction between cinnamalacetophenone and phosphorus pentachloride 
is considered to be 1,6-addition, but here, as with benzalacetophenone, 
the mechanism may be replacement of the carbonyl oxygen by chlorine 
followed by a migration of one chlorine atom. 167 

CcH*CH=CHCH—CHCOC«H* + PC1» — 

C«H*CHClCH=CHCH=C(Cl)CeH& + P0C1 3 

Malonic ester 200 and toluenesulfinic acid 207 add 1,4 to cinnamalaceto¬ 
phenone. Addition of the Grignard reagent is likewise 1,4. 208 

C.H* 

CftBfcMsBr 

C*H*CH—CHCH=CHCOC*H* - > C.H»CH=CHCHCH,COC.H, 

HX 

In fact, 1,6-addition of the Grignard reagent has been found to take 
place only to one group of substances all the members of which may be 
considered to be analogs or derivatives of fuchsone. 209 

104 Hahn and Murray, ibid.. 36. 1484 (1914). 

204 Vorlander, Ann., 345, 218 (190G). 

207 Kohler and Reimer. Am. Chcm. J., 31. 103 (1904). 

2M Kohlor, Bcr., 38. 1203 (1905). 

209 Julian and Magnani. J. Am. Chcm. Soc., 56. 2174 (1934); Julian and Cole, ibid^ 
67. 1007 (1935) ; Julian and Gist, ibid., 67, 2030 (1935) ; Julian, Cole, and Wood, ibid., 67 
2508 (1935). 
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CeHiCCeH* 



O 


CHa 

I 

CeHs—C—CflHa 



All other attempts to secure 1 , 6 -addition of the Grignard reagent have 
been unsuccessful, and earlier claims of l,G-addit.on have not been 
substantiated. 209 

A relatively wide variety of doubly unsaturated acids and estere 
has been available, and from the study of their addition reactions many 
interesting results have been obtained. The nature of the products of 
partial catalytic reduction of these acids and esters is still controversial 
For certain reactions dihydro reduction products have been described •> 
but not always confirmed.’ 11 Differences in experimental conditions and 
in the nature of the catalyst may account for the divergent results so 
far reported. At one time it was believed that the addition of but one 
mole of hydrogen to a doubly unsaturated acid or ester always gave 
mixtures of unattaeked material and completely reduced products.- - 

In contrast with catalytic reduction, sodium amalgam usually gives 
a mixture of dihydro derivatives which may be accounted for by 1,4- 
and 1,6-addition. Sorbic acid furnishes two isomeric dAydro derivatives 
whose structures have been established by synthesis. 13 

ch,ch 2 cii—chcii,co 2 h 


CHjCII=CIICII = =CHCOjH + Hi 


+ 

ch 3 cii*chcii,ch 3 co 2 h 


(3-Phcnylsorbic acid gives a mixture of analogous dihydro products.™ 

CHaCHiCH—CCHiCOiH 

c 6 l u 

CHjCH—=CHC=CIICOiH + H. - CHjCH ^ HCHCHlC0 , H 

C ‘ H ‘ C«Hi 

... w , . . />,, e,A 770 (1931); Former nnd Gulley. J. Cht m. Soc.. -130 

(1932,; Formcr^aml Hughi,, ibid.. 301. 1929 < 1934,; Fanner and Hu«h«. J-Soc. Cb.n, 
Ind., 53. 131 (1034). 

::: ««*■■ aw. 

3022 (1929,. 

»* Kuhn and Holier. Ber., 66. 1203 (1033). 
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a-Phenylmuconic acid furnishes 23 per cent of the 3,4-dihydro product, 
the balance of the material undergoing complete reduction, and a- 
methylmuconic acid gives 80 per cent of the 1,4-dihydro acid. 216 

H0 2 CCH=CHCH=CC02H 

I 

C.H* 

HOjCCHjCHjCH=CCOjH + H0 2 CCH,CH 2 CH 2 CHC0 2 H 

I I 

CeHs CeH 6 

ho 2 cch=chch=cco 2 h ho 2 cch 2 ch=chchco 2 h 

I I 

CH, CH, 

A number of esters of the malonic type have been added to the 
doubly unsaturated esters. The mode of addition varies markedly 
using a single addend and a series of unsaturated esters. The yields 
reported are none too accurate because of experimental difficulties, 
and in some cases not all the starting material can be accounted for. 
The results using malonic ester are shown by the following reactions. * 

CH*—CHCH—'CHCOjR -* CH 2 CII=CHCH 2 C0 2 R 1,6-addition 75% 

I 

CH(C0 2 R) 2 

CHjCH=CHCH=CHC0 2 R — 

CHjCHCH—CHCH 2 C0 2 R 1,6-addition 80% 

I 

CH(C0 2 R) 2 

CH 3 CH=CHCHC1I 2 C0 2 R 1,4-addition 10% 

I 

CH(C0 2 R) 2 

CH«CH—CHCH—CHCH—CHCO,R — 

CH 3 CIICH=CHCII=CHCH 2 C0 2 R 1,8-addition 10% 

I 

CII(C0 2 R) 2 

CHaCH—=CHCH=CIICHCHtC0 2 R 1,4-addition 67% 

I 

CH(C0 2 R) 2 

c«h 6 ch=chch=chco 2 r — 

C6H$CH=CHCHCH 2 C0 2 R 1,4-addition only 

I 

CH(C0 2 R) 2 

1,4 Kuhn aiul Michel. Bcr.. 71. 1119 (1938). 

* A summary of earlier work together with new experimental duta on 1,0-addition is 
given by Kohler and Butler. J. -lm. Chcm. Soc.. 48. 1030 (1926). Compare (a) Farmer 
and Healy. ./. Chcm. Soc.. 10G0 (1927); (6) Farmer and Mehta, ibid., 1010 (1930); (c) 
Fanner and Martin, ibid.. 900 (1933). 
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Cinnanmlmaloiiic ester adds two moles of malonic ester. 216 This 
can be accounted for by 1,6-addition of one mole of the addend foUowc-d 
by a shift of one hydrogen atom to furnish a new conjugated system 
which adds a second molecule of malonic ester in the 1,4-positions. 
C«H»CH=CHCH=C(COiR)j + CH-fCOjCH*), — C.H»CHCH=CHCH(CO,R), 

CH(COjCHj)s 

CII(CO:CH,) s | 

C.H.CHCH,iHCH(CO,R) ! < CHi(CO *^ C.H.CHCH,CH-C(CO,R), 
imCO.CH,)- CH(COiCH«)i 

Two moles of hydrogen cyanide can also be added to cinnamalmalonic 
ester, and in this reaction the primary 1,4-addition product can be 
isolated. 2 " The addition of the second mole of hydrogen cyanide is 
1,4 and involves the cyano group. 

C.H t CH-CHCH-C(CO,R), C.H.CH-CHCHCH(CO,R) s 

CN 


C,H,CH*CH—CHCH(CO,R)j <" CW — C.H.CH,CH—CCH(CO.R), 


I 


CN CN 


I 

CN 


The addition of the Grignard reagent to the doubly unsat,.rated 
esters never furnishes 1 , 0 -addition products The most favorable case 
is U-vinylacrylic ester, and this substance is first converted to a ketone 
which then undergoes only 1,4-addition. 

CHj—CHCll“CHCOjR CH.-CHCH-CHCOC.H. 

11X | C«n,M«Br 

CH I -=CHCHCH,COC«H, 

I 

C,H, 

The reluctance of the Grignard reagent to undergo 1,0-addition is 
characteristic of most addends, for, with the exception of eaten and 
hydrogen, the great majority of reagents which undergo 1,4-add.tion 
to cr,^-un.saturatcd esters and carbonyl compounds undergo only ,4- 
addition to the analogous doubly unsaturated systems where l,b- 
addition is a possibility."* In contrast with 1,4-addition, which is one 
of the commonest modes of reaction of conjugated systems, l,G-addit.ou 
is unusual. 

«• Moorwein, Ann., 360. 325 (1008). 

•“fn^ld^Pritchaldf ond Smith, ibid.. 81 (1934); Kohler and BuUer. J. Am. CUm. 
Soc., 48. 1030 (1920). 
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INTRODUCTION 

The term polymer was introduced into organic chemistry by Ber¬ 
zelius 1 more than a century ago to designate the more complex of two 
substances having identical composition but differing in molecular 
weight. There was no idea of any other relation between the two sub¬ 
stances in this definition. In later years, the term polymerization came 
to be applied to the process of self-addition of unsaturated compounds 
to give products which appear to have the same composition but 
multiple molecular weight. The terms polymer and polymerization are 
now used almost exclusively in connection with very-high-molecular- 
weight compounds. 

The careful study of polymers or macromolecules which has been 
going on for about the last twenty years constitutes one of the important 
developments of modern organic chemistry. 

It is now known that few, if any, addition polymers (macromole¬ 
cules) have exactly the composition of the monomers from which they 
are formed. The process of self-addition is usually interrupted by the 
addition of one or more foreign molecules giving terminal groups which 
are very different in composition from the monomer. The classical 
work of Staudinger and Liithy 2 on the polyoxymethylenes illustrates 
this possibility. When formaldehyde polymerizes, the reaction may be 
interrupted by the addition of water to yield H0[CH 2 0]„H, methyl 
alcohol to give CH 30 [CH 2 0 ]„H, etc. Carothers’ work on polyesters 
and polyamides has brought these polymer-forming reactions to the 
attention of chemists. These polymers differ markedly in composition 
from the reactants which produce them because of the loss of some small 
molecule such as water during their formation, yet such reactions seem 
best described as polymerization processes.* 

Polymerization reactions are intermolccular combinations that are 
functionally capable of proceeding indefinitely and thus may theoretic¬ 
ally lend to molecules of unlimited size. Polymers can be classified as 
addition polymers and condensation polymers. The addition polymers 
are formed by intermolccular reactions of the monomeric units without 
the elimination of any atoms or groups. Thus vinyl chloride (I) com¬ 
bines with itself to produce polyvinyl chloride (II). In writing the 

CH2=CHC1 -» —[CH 2 CHCl] n — 
i n 

* Berzelius, Jahrcsbcr., 12. G4 (1833). 

’Staudinger and Lllthy. Hclv. Chim. Ada. 8. 41 (1925). 

3 Carothero. J. Am. Chem. Soc.. 51. 254S (1929). 
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polymer as in structure II, no indication is given as to what is at the 
ends of this polymeric chain. Condensation polymers are produced 
by reactions which involve elimination of some simple molecule between 
two functional groups; such reactions are esterification, anhydride 
formation, amide formation, aldol condensation, etc. The self-ester¬ 
ification of t-hydroxycaproic acid (III) serves to illustrate this type. 
The reaction between a dibasic acid and a glycol runs similarly I here 
are also cases which seem to be hybrids between these two fundamental 
types (see p. 708). 


nHOCH*CH*CH?CHsClIjCO-H — 

HO(CHjCH-CH=CHsCH 2 CO-)nH + («—D H =° 

iv 


Reactions of the types indicated lead to high-molecular-weight 
chains or linear molecules which have a characteristic recurnng 
The character of this unit is a factor of great importance in determining 
the nature of the polymer. The physical properties of linear polyme,. 
are related to their molecular size and to the nature of the recurring 
units. It is at once rather evident that in a synthetic linear polymer it is 
not likely that each individual polymer chain will be exactly he same 
length as every other chain. Hence, a synthetic polymer will not be 
strictly a chemical individual from this point of view. The natura 
polymers do not have the wide variations in average chain length which 

arc characteristic of the synthetic polymers. 

There are many possible poly functional reactions, and some o these 

lead to products which am not linear. The we l-known es enfi^. on of 
glycerol by phthalic anhydride to produce a polyester (\ ) is an cx.imph 

of the formation of a three-dimensional polymer 

Such a three-dimensional polymer as tins is always msoluble infu. 
sible, and generally intractable. There are al gradations brtw.cn 
true linear polymer and the three-dimensional type 1 he "oss-li A 
polymers have properties falling between the two extreme eases. T > 
are usually less soluble than the linear esters but may swell «ill. sol .. 
whereas the true three-dimensional polymer is usually entirely unal- 


fcctcd by solvents. 

Self-addition reactions of such compounds us 
to complex cross-linked polymers. '1 he rubber 
the living plant (VII) is apparently made up 
joined in the 1,4-positions. 


the 1,3-dienes may lead 
molecule produced in 
of isoprene units (VI' 
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oc 


/ c \? 

II 0 + CHr-CH—CH, 

do Ah Ah Ah 
Q=££h,chch 

A 



*CHa=C— CH=CH t 

I 

CH, 

VI 


—[CHr—C=CH—CH 2 ]n— 
CH, 

VII 


However, when a diene of this type is polymerized in the laboratory 
both 1,2- and 1,4-additions may occur. The first product is apparently 
a linear polymer with occasional vinyl side chains (VIII), in those 
butadiene units which have polymerized in the 1,2-positions. This 

nCH*—CH-Cli—CH» -> 

(CHj CJ =CH—CH,)*—(CH,—CH)„—(CHa—CH=CH—CH 2 ),— 

CH 

II 

CH, 

VIII 


polymer may undergo further reactions to give complex cross-linked 
structures. 

In addition polymerizations two different monomeric units may 
interact to give a polymer chain containing both units. Such polymers 
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are known as copolymers. The best-known examples of tins type of 
polymer are the various “Vinylite" resins (XI) made from vinyl chlonde 
(IX) and vinyl acetate (X). The term copolymer has not been com- 

_(CHjCH)a—(CHjCH ) 6 -(CH : CII),- 


zCHj=CH + |/CHa=CH 


Ai 


Ac 


ocii 


Ai 


IX 


X 


Ac 

XI 


OCH, 


Al 


monly applied to the condensation polymers, but it might be used for 
Lh a substance as a polyester made from two or more dibasic ac.ds 

with one or two polyhydric alcohols, etc. 

Another type of polymerization reaction that .s sometimes encoun¬ 
tered is the copolymerization of two unsaturated molecules, one of which 
docs not normally undergo addition polymerization. Thus maleic 
anhydride (XII). which alone does not polymerize 
with styrene (XIII) to give a linear polymer (Xl\). Such pol>me 

has been called a heteropolymer * 


CH=CII + C«H»CH- 

I I xm 

CO CO 

XII 


■CH, — — (CH-CH—CH—CH,]„— 

CO CO C.H, 

N/ 

xiv 


In condensation polymers the end groups are the functional groups 

and carboxyl, two hydroxyls, or two carboxyls, depending on the ratios 

° f tn addition polymers the end groups are less well known They 
may be parts of the catalyst used to initiate the reaction (p. mo), 
they may result from a disproportion of reacting chains; they may come 
om a reaction between growing chains and impurities in the monomer 
irom a rcac reaction In the past the end groups have 

usua'lly 0 been* writ ten L hydrogen and a double bond; for the present, 
however, it is probably wisest not to attempt to indicate end groups on 

"'“itlhoLld’Tmalized that not all reactions between bifunctional 
molecules will produce useful polymers. To give products with a 
molecular weight high enough to make the polymer useful the rcactoon 
of formation must be one which proceeds smoothly and in excellent 

4 Warner-Juurefcg, Her.. 63. 3213 (1930). 
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yields. In general, any reaction which gives yields of less than 90 per 
cent between simple molecules can be overlooked as a useful polymer- 
forming reaction. To obtain macromolecules, clean-cut reactions with 
few possibilities for side reactions are essential. 

The older literature is full of references to tarry side products and 
insoluble residues when bifunctional or polyfunctional reactions were 
carried out. In the early days of the scientific development of the 
polymer field, the orthodox organic chemist called the polymer chemist 
a student of “gunks” and indicated that the purity of his products was 
far less than that demanded in ordinary synthetic work. Actually 
nothing can be farther from the truth. To obtain useful high-molecular- 
weight products it is essential that starting materials have an extremely 
high degree of purity, often far above that of so-called analytical purity. 

There is another type of rather large molecular aggregate which is 
sometimes described as a polymer. Certain organic molecules such as 
ethyl alcohol and acetamide which contain active hydrogen as hydroxyl 
or amido hydrogens and donor atoms such as oxygen and nitrogen are 
rather firmly joined together by hydrogen bonds. These products arc 
really polymeric in nature, but they differ markedly in stability from the 
polymers in which the units are held together by covalences. The 
polymers held together by hydrogen bridges usually have the chemical 
reactions of the monomer although the physical properties (boiling 
point, melting point, solubility, etc.) are out of line with those predicted 
for the monomer. These may be called association polymers. 

CONDENSATION POLYMERIZATION 

Condensation polymers may be produced from a great variety of 
polyfunctional compounds. Generally speaking, any reaction between 
simple functional groups may be adapted to polymer formation. There 
is no essential difference between a condensation reaction which produces 
a polymer and a similar reaction which produces low-molecular-weight 
molecules. However, to obtain satisfactory polymeric products, the 
reactants must be pure, they must be used in the proper ratios, and the 
reactions must take place almost quantitatively. 

In the following pages the synthetic polyesters, polyamides, poly¬ 
sulfides, urea-formaldehyde condensation products, phenol-formalde¬ 
hyde condensation products, polyethers, polyacctals, polyanhydridcs, 
and a few other miscellaneous condensation polymers will be discussed. 
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Polyesters 

The polyesters first became technically important as alkyd resins; 
later they were studied from the theoretical standpoint. The discussion 
of these esters will not follow their historical development. 

Hydroxy acids will undergo self-esterification to produce the sim¬ 
plest type of polyesters, but glycols and dibasic acids, or polyglycols and 
polybasic acids, give the same type of reaction and produce correspond- 

ingly more complex products. ... „ 

With bifunctional molecules, ring format.on will compete with linear 
polymer formation. Carothers* has pointed out that under the usual 
reaction conditions a five- or six-mcmlicred ring mil usually form when¬ 
ever that is possible. In all other cases polymer formation is the favored 
reaction. However, special conditions may alter the course o a .eac- 
tion. Thus Ruggli 1 has demonstrated the value of the high-dilution 
principle for producing large rings. The application of these pnnc.p os 
can best be demonstrated by a discussion of particular cases. Struct,,,ul 
features in the reacting units may also affect the balance between ring 

formation and polymer formation. 

Polyesters from Hydroxy Acids. When any hydroxy acid 
HOrri/l CO,H (except a 0 -hvdroxy acid) is heated with or without 
fSi SLSL,. £««*. The ......... .he proJuot 

depends on the distance between the hydroxyl group and the carboxyl 

6r0 In the case of o-hydroxy aeids (I), self-esterification usually produces 
a lactidc (ID although linear estem (III) arc torn. Glycoh^acid 
(I R = H) on gentle heating is said to give glyeol.de (II, R - H). 
The cyclic ester on heating with a trace of stne chloride is converted to 
a linear polyester (III, R = H). Distillation under reduced pressure 


R 

HO—CHCO«H 
i 


CHU 

/ \ 

o CO 

I I 
oc o 

\ / 

CHR 


HO— [CHRCOdn- H 
ill 


causes the polyester to revert to 

(I, R = CH 3 ) gives lactidc (II, U - 


the cyclic 
CH 3 ) at 


ester . 4 Lactic acid 
but under other 


150°, 7 


7 BiBchoff and Wolden. Ann.. 279. *1 (IS04). 
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conditions Dietzel and Krug 8 have obtained a linear polylactic acid. 
Lacticje heated at 250-275° for two hours is converted into a linear 
polymer with a molecular weight of about 3000.® If a catalyst such as 
potassium carbonate is present this transformation occurs at about 
140-150°. 

/3-Hydroxy acids usually lose water to give a,/3-unsaturated acids so 
readily that self-esterification does not occur. If, however, substitution 
prevents dehydration, heat converts /3-hydroxy acids to linear polymers; 
thus hydroxypivalic acid (IV) gives a product (V) with a molecular 
weight of about 600 (n = about 6), 10 but considerable decomposition of 
the monomer into formaldehyde and isobutyric acid accompanies this 
reaction. 

CH 3 CH. 


I 

HOCHx—C—CO 2 H HO—[CHj 


■C—C0 2 ] n — 


CH, 

IV 


CH* 

v 


7 -Hydroxy acids, such as 7 -hydroxybutyric acid (VI), readily give 
the 7 -lactones which are very stable. 7 -Butyrolactone (VII) has been 


H0(CH 2 ) 3 C0 2 H 

vi 


CII 2 CH 2 CH 2 CO 



heated to 80° with and without catalysts for as long as twelve months 
without the formation of a detectable amount of polymer . 9 

6 -Hydroxy acids also readily give 6 -lactones, but these six-membered 
lactones often change spontaneously into the linear polyesters. Fichter 
and Bcisswenger 11 observed that 6 -valerolactone (VIII) gradually 
becomes thicker and more viscous on standing and finally yields a solid 
polymer (IX) with about seven recurring units. It seems probable that 

CH 2 CH 2 CH 2 CII 2 CO H0[CH 2 CH 2 CH 2 CH 2 C0 2 ]7H 


viii 


some trace of water or acid is necessary for this reaction to take place. 
Carothers, Dorough, and Van Natta® found that the molecular weight 
of the polymer varied with the method of preparation and obtained 

8 Dictzcl nnd Knig. Bcr.. 58, 1307 (1025). 

9 Cnrother8, Dorough, nnd Von Natta, J. Am. Chctn. Soc., 54, 701 (1932). 

10 Blaiso and Morally. Bull. soc. chin,.. |3] 31. 30S (1904). 

11 Fichter nnd Bcisswenger, Bcr., 36, 1200 (1903). 
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values from 1060 to 2240 (10 to 22 monomer units). Hollo 12 found that 
substitution on the a-carbon atom decreases the ease of hydrolysis of 
5-lactones and also the ease with which they polymerize. 

When the hydroxyl is in the epsilon position, lactone formation Is 
not the usual behavior of a straight-chain hydroxy acid, but substitution 
in the carbon chain may have a favorable influence on ring formation 
and promote lactonization. Thus, 6-hvdroxyoctanoic acid (X) ,a and 3,7- 


CH 3 CH 2 CH(CH 2 )4C0 2 H 

I 

OH 

x 

HO(CH*)»C0 2 H 

xii 


CH 3 C!ICH(CH 2 ) 2 CHCH 2 C0 2 H 

I I I 

HjC OH CHj 
XI 

HO((CH *) fcCOdnH 

XIII 


dimethyl-6-hydroxyoctanoic acid (XI)“ give lactones when heated. 
6-Hydroxycaproic acid (XII) gives a lactone at 150-210° 16 but tends to 
polymerize at 150° to give a linear ester containing about 35 monomenc 
units (XIII). Once the linear ester is produced there is very little 
tendency for it to depolymerize to give the cyclic monomeric lactone, 
although a fourteen-membered dilactone (XIV) is produced in small 

amounts. „ 

(CHs)*—CO 

i i> 


CO-(CH 2 )» 

xiv 


When the hydroxyl is farther from the carboxyl than the 6-position, 
only linear products arc obtained on heating the acid. Chuit and 
Hausser »• have prepared the series of hydroxy acids (X\ ) with „ having 
values of 7 to 20 and converted them to the corresponding Unear poly¬ 


esters (XVI). 


H0(CH 2 )nC0 2 H 

xv 


H0((CH 2 )„C0 2 ] x H 

xvi 


Sabinic acid ( 12 -hydroxydodccanoic acid) and juniperic acid (16- 
hydroxy hexadecanoic acid) have been Isolated from conifers, and it has 
been suggested that they exist as linear polyesters in the natural state.” 

>• Hollo, Der., «1. S95 (1928). 

»* Blaise and Koehler. Cornpt. rend.. 148. \i7 - (1909). 

14 Bnoycr and SeufTcrt. Her.. 32. 3019 (IR99). 

u van Natta. Hill, and Carothers. J. 4m. Chcm. Soc.. 66. 456 (1934) ; 68. 183 (1930). 
‘•Chuit and Ilaussor. licit. Chim. Acta. 12. 403 (1929). 

‘ 7 Bougault and Bourdicr. Compt. rend.. 147. 1311 (1908); J. jdiarm. chim.. [0) 29. 501 
(1009,; (0) 30. 10 (1900); Bougault. ibid.. 17) 1. 425 (1910,; 17) 3. 101 (1911); Comp!, rend. 
160, 874 (1910); Bougault and Cattclaiu. ibid.. 186. 1710 (1928). 
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Lycan and Adams 18 prepared a series of hydroxy acids of type XV in 
which n was 8, 9, 10, 11, and 12. 10-Hydroxydecanoic acid polymerized 
with heat to give a polymer (XVI) of a molecular weight of approxi¬ 
mately 9000. Self-esterification of the hydroxy acid by heating a benzene 
solution containing a little p-toluenesulfonic acid gave a polymer having 
a lower molecular weight (about 2500). These polyesters were shown to 
contain hydroxyl and carboxyl end groups. They gave sharp x-ray 
diffraction patterns. 

Large lactone rings can be prepared by self-esterification of the 
hydroxy acids under conditions of high dilution. Ruggli 6 first suggested 
that a reaction which normally led to polymeric products could be made 
to yield a cyclic product if the distance between the different molecules 
were made greater than the distance between the two ends of one mole¬ 
cule. This dilution effect cuts down intcrmolecular reaction. By adopt¬ 
ing this technique, high yields of such lactones as those of a>-hydroxy- 
pentadccanoic acid have been obtained. 19 Once these large cyclic 
lactones arc obtained, they show little tendency to rearrange to the 
linear polymers unless heated with catalysts. 9 - 27 

Ruzicka and Stoll 20 have prepared the simple lactones (XVIII) con¬ 
taining fourteen to eighteen members in the ring by oxidation of the 
corresponding cyclic ketones (XVII) with Caro’s acid. This reaction 

(CHj).CO — (CH-)n<^T° 

XVII XVIII 

evidently does not involve converting the cyclic ketone to a linear 
intermediate. 

In general the linear polyesters which have been prepared from 
hydroxy acids are white powders, soluble in many hot organic solvents. 
Their molecular weight varies, but it never approaches the values 
observed for the higher polystyrenes. The reasons for the compara¬ 
tively low molecular weight of the product may be found in the relation 
between the nature of the polymerization and the experimental con¬ 
ditions employed. 21 The macromolecule may be built up through suc¬ 
cessive couplings resulting finally in long chains. The reaction is reversi¬ 
ble, however, and a large number of factors are involved. The equi¬ 
librium may be displaced by the removal of the water as it is formed in 

u Lycan and Adams. J. Am. Chrm. Soc.. 61. 025. 3450 (1929). 

19 Stoll and Rouv£, /Mr. Chim. Ada, 17. 1283 (1934); Stoll. Rouvfe, and Stoll-Comte 
ibid., 17. 1289 (1934). 

50 Ruzicka and Stoll, ibid ., 11. 1159 (1928). 

=' Carothora and Hill. J. Am. Chcm. Soc.. 64. 1559 (1932). 
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the reaction; this would tend to direct the reaction to completion. 
Formal completion of the process would obtain when all he small 
molecules were combined into a single molecule mterchange 

may also be effective in producing large molecules. Tim, has been 
demonstrated in the transformation of d,-(d-hydroxycthyl) succinate 

into a linear polyester under the influence of heat. 

Factors which may influence the upper limit of molecular size arc 

the possibility of ring formation and accidental mutilation of the terminal 

ioups Experimental evidence seems to show that ring formation 

does not occur to a significant extent except under certain well-defined 

conditions, although in certain cases dimeric products of a cyclic nature 

have been observed. 1 - " The mutilation of end groups as for example 

loss of carbon dioxide- from a carboxyl group does not occur except- 

under extreme thermal conditions, and even then coupling might 
under extrem ^ of cst( . | . interc hange. In many cases small 

ETitSSl-'ta the rit m.y he the ehiet e.,« o, .topping the 
"“■Mtare ol the rewtion to P™eed to the lot-motion of very large 

“1 Vf S12- •XSJZS&Z SWtrTU: 

be due to tne r bB effective means of removing volatile 

he reasonable to oxpe. ^‘“ l “ r . mol( . cu , al .. w( .ight products than those 
products r ,d ^ 1 , *ug r a still has partially fulfilled 

hitherto observed. The ■‘ haV) . llo ,„ obtained.”-» The 

these conditions, and >>■ ■ > ; ^ d ,.,, n . r by prolonged heating 

in • ,,i,roB ™ s, ~ or by bubb,inR 

nl ^ii«^il^‘^ l ^ t, ^|“ , * ,a r w, ; iKhl ( ; ,si : all . y in . ,he 

I I I c Jim lin . microcrystallinc powdero which dissolve readily 
borhood of 3000) an and have already been dt- 

scribcd'^Thc'superpolyesters (those of molecular weight 12,000-25,000) 
are harder and much tougher when prepared ,n a massive state. In 
cold chloroform they dissolve very slowly with a pronounced swelling, 

*> Cu,other* and Van Natl.. M 68. «,« <19331. 

64.' ,66, 



712 


ORGANIC CHEMISTRY 


and their solutions are quite viscous. Their structure is undoubtedly 
that of a long polymeric chain. 

The polyesters from <*>-hydroxydecanoic acid, HO(CH 2 ) 9 COOH, 
have been examined carefully. 22 Molecular weights have been observed 
varying from 780 to 25,200 depending on the conditions of polymeri¬ 
zation, the higher values resulting from the most drastic treatment. 
The melting points varied from 66-67° to 75-80°. The molecular 
weights were obtained by titration with standard alcoholic potash of 
the polyesters dissolved in a chloroform-alcohol mixture. Phenol- 
phthalein was used as the indicator. The lower values were checked by 
a boiling-point method and the highest by the use of the ultracentrifuge. 
The masses resulting from crystallization of the molten polyesters were 
opaque solids. The lower members w'ere waxy and brittle; the higher 
members were harder and so horny and tough that they could scarcely 
be fractured. 

The polyesters of molecular weight less than 10,000 dissolved 
rapidly and completely in cold chloroform or benzene and in hot 
acetone, ethyl acetate, and acetic acid. They were practically insoluble 
in hot alcohol, ligroin, or water. The highest members showed a 
diminished solubility. At about 110° the first member of the series 
was a highly viscous liquid while the highest member was a transparent 
resin. 

The properties of these esters with regard to fiber formation have 
been examined. 22 , 25 It was found that by melting or dissolving in 
chloroform they could be spun into fibers. The filaments were opaque 
and fragile, but under the influence of a longitudinal stress they under¬ 
went elongation and then remained permanently extended. This process 
was accompanied by a loss of opacity and an increase in tensile strength 
and pliability. Examination by x-rays showed the presence of fiber 
orientation. The strongest and most highly oriented fibers were 
obtained in the case of o^-hydroxydecar.oic acid from the esters of 
approximate molecular weight 17,000-20,000. These were the first 
examples of synthetic material in the form of fibers which possessed any 
considerable degree of strength, orientation, and pliability. 

It has thus been found possible to produce long, straight-chain 
polyesters of varying molecular weight, in which the recurring unit is 
of the type —O— (CH 2 )„—CO—. Those acids which may form five- 
membered cyclic esters (n — 3) do not form linear polymers, but always 
assume a cyclic form. Those acids capable of forming sLx-membered 
cyclic esters show a very curious property, i.e., the ability to polymerize 
and depolymerize in a rather smooth, reversible fashion. This phe- 

,s Carothcra and Hill, ibid., 64. 1579 (1932). 
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nomcnon is connected with the ease of hydrolysis of the ester and, like 
hydrolysis, is hindered by a-substituents. This process probably takes 
place through an ester-interchange mechanism although small amounts 
of the free hydroxy acids may be involved. Both forward and reverse 
reactions are catalyzed by acids and bases, typical ester-interchange 
catalysts. The reasons for this behavior probably he in stereochemical 
factors: rings of six atoms arc strained slightly (or may pass through 
positions of strain), and this strain can be relieved by the formation of a 
Unear molecule through ester interchange. The depolymenzation is 
possible by reason of the high probability of the close approach of atoms 
in every sixth position in a chain.* These concepts are based on he 
Sachse-Mohr theory of ring structures.” It is worth noting that the 
reversible polymerization of six-membered rings does not occur in the 

‘^‘iTsomTcases the linear polyesters derived from the higher hydroxy 
acids may be depolymerized by the action of heat and an ester-inter¬ 
change catalyst to many-membored cyclic monomers and dm.ers; he 
reverse process may also lie carried out ... some instances.- Tin., 
depolymerization has been investigated for a number of polyesters of 


HO(CII 2 )*COOH 

XIX 

HO(CH*) nCOOH 
xxi 


HO(CHi) uCOOH 

XXII 



n-8, 11 , 12 


CHf—(CHj),—CO 

I I 

o 


o 

I 

oc 


n-8, II, 12 


•(CHj)g-CHi 

XXIII 


zations are accomplished by heating the polyester with cata ysts such 
as magnesium chloride or stannous chloride to a temperature of 2,0 
under 1 mm. pressure. The yields of monomer are rather high and 
constitute another synthetic method for the production of macrocyehc 
lactones. It is interesting to note that the ratio of monomer to dimer in 

11 Sachac. D,r.. 23. 1303 (1800); Z. P*»•*• Ckr m.. 10. 203 (1S92); Mohr. J. p,ale, 

Chcm.. (21 98. 316 (1918); 12] 103 310 < l ® 22 >‘ 

*i HiU and Corothcra. J. Am. Chcm. Soc.. 65. 6031 (1933). 

« Spaniel and Carotbcr,. 68. 064 (1030). 
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case XXII was 15 to 1 while for compound XIX the same ratio was 
0.17 to 1. 

This curious effect illustrates the greater ease of ring formation in 
the case of large rings as compared with those of intermediate size. 29 
It may be that the effect of hydrogen blocking proposed as an addendum 
to the Sachse-Mohr theory 26 by Stoll and Stoll-Comte 30 is still partially 
active in the small ring. 

Polyesters from Polybasic Acids and Polyhydric Alcohols. These 
polyesters are usually referred to as alkyd resins. When both the acid 
and alcohol are bifunctional, a linear polyester is produced. Higher 
functionality in either the alcohol or acid leads to the formation of 
three-dimensional polymers. These are referred to industrially as heat- 
non-convertible and heat-convertible types, respectively. 

Linear Polyesters. The simplest dibasic acid is carbonic acid, and 
a number of polymeric carbonates have been prepared. 27 * 31 The 
simplest of the glycol esters, ethylene carbonate, is well known and 
exists as a monomeric five-membercd ring (I). 32 The higher carbon- 



O 

II 

HO(CHj),—[OCO(CH 2 )„]x—OH 


n 


ates may be prepared by an ester interchange between the glycol and 
ethyl or butyl carbonate, a reaction which proceeds smoothly in the 
presence of a catalyst such as metallic sodium. Glycols of the type 
HO(CH 2 ) n OH have been employed in which n ranged from 3 to 14 and 
also where n = 18. The method of preparation indicated a structure 
shown in II in which the chain was probably open and the terminal 
groups were either hydroxyls (from the glycol) or carbethoxy (as from 
ethyl carbonate). Trimethylene carbonate is of particular interest. It 
may exist cither as a monomeric six-membered ring or as a linear poly¬ 
ester in which x is 38-45. Interconversion of the forms was found to 
proceed readily under the influence of heat and catalysts. This peculiar 
behavior of six-membered rings has been noted previously. These 
s might-chain polyesters were powders, with the exception of hexa- 
methylene carbonate, which was obtained in the form of tough, elastic 
flakes. They were soluble in chloroform, but insoluble in water and 
alcohol. X-ray diffraction patterns showed definite evidences of crystal- 

n Carothers and Hill. ibid.. 65. 5043 (1933). 

s » Stoll and Stoll-Comte. H<lv. Chim. Acta. 13, 11S5 (1930). 

31 Carothers and Van Natta, J. Am. Chem. Soc., 62. 314 (1930). 
a Voriandcr, Ann.. 280. 1S6 (1S94). 
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Unity in all cases. An attempt was made to force depolymerization of 

sets 

thcorv 26 in its modified form. 1 * - 30 . .. . 

A number of oxalic acid glycol cstem have been prepared and stuped 

by Carothers, Arvin, and Dorough - Ethylene oxalate (III) «as 


/°\ 

OC CH, 

I I 

OC CHj 

in 


HO(CH.)-(OCOCOO(CH 2 )n]*OII 

IV 


s m-slts 22Z SfiSrs 

partia y ^ Thc changc is accelerated by moderate heat and 
polymer (I , nn a alkalies Thc polymer hydrolyzes easily. It was 

.nd melting point, «. be 

mSTnU 7tl.ee ten.- The poll™" ,hn,v ,„mo tendency to depoly- 

r^vlpno nnd dcca methylene esters. The propylene ester was found to 
methylene, a aml a linear polymer which were intcrconvort- 

ihlfhv°hcat Polymerization was less rapid than in thc case of ethylene 
oxalate^ The three others were polymeric forms which resembled the 
Unear polyesters previously obtained. These wh.te powders were sub- 
ected to depolymerization conditions and monomers of the lngher 

esters were obtained « while a dimer of tnmethylenc oxalate was found “ 
Other esters of tliis general nature have been prepared « melud.ng 

a™ “ 3292 ,,93 °'- 

»4 Carothers Mid Arvin. iW- 61. -5WJ uww;. 
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ethylene malonate, ethylene succinate, trimethylene succinate, ethylene 
adipate, trimethylene adipate, hexamethylene succinate, hexamethyl- 
ene adipate, ethylene sebacate, trimethylene sebacate, decamethylene 
succinate, hexamethylene sebacate, decamethylene adipate, decamethyl¬ 
ene sebacate, ethylene maleate, ethylene fumarate, ethylene phthalate, 
trimethylene phthalate, hexamethylene phthalate, and decamethylene 
phthalate. These esters probably exist in the polymeric form as long 
chains. All of them of the type V are micro crystalline solids with the 

—0(CH 2 ) x OCO(CH 2 ) „CO— 

v 

exception of ethylene malonate. The melting points are not very sharp 
and are dependent somewhat on the rate of heating. Molecular weights 
vary from 2300 to 5000. All the esters are quite viscous when molten. 
The phthalate esters are resinlike, and were not obtained in a crystalline 
form. All the esters are non-volatile, and are insoluble or nearly so in 
water, alcohol, petroleum ether, and ether. They are all somewhat 
hygroscopic. These higher esters may be depolymerized by heating at 
270° under 1 mm. pressure for several hours in the presence of a catalyst 
such as stannous chloride or magnesium chloride to yield cyclic mono¬ 
mers or dimers. 35 This reaction affords a good method for preparing 
these. 

Ethylene succinate, one of the simpler esters, was investigated with 
the view of determining the structure. 36 This polyester was prepared 
by heating a mixture of the acid and the glycol and finally removing the 
excess glycol by distillation in vacuo. The neutral ester, of molecular 
weight about 3000, was shown to be a linear structure with glycol 
hydroxyls acting as terminal groups. These hydroxyls were not ester- 
ified by acetic anhydride, but succinic and p-bromobenzoic anhydrides 
provided the expected products when the reaction was carried out at an 
elevated temperature. The products had compositions agreeing with 
formulas VI and VII. 

IIOOC(CH 2 ) 2 CO— [0(CH 2 ) 2 00C(CH 2 ) 2 C0] 23 —OH 

vi 

p-BrC«H 4 CO—[0(CHi)iOOC(CH ; )-CO]si—0(CHj)jOOCC«H4Br—p 

VII 

It was found that polymerization could proceed by a process of ester 
interchange, since di-03-hydroxy ethyl) succinate was transformed into 

54 Spanagcl and Carothers, ibid., 57, 929 (1935). 

34 Carotlicrs and Dorough, ibid., 52, 711 (1930). 
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the neutral polvmer on heating. A number of these d>- 05 -hydrox> eth> 1) 
^tcrs have been prepared by Shorland by heating an excess of ethylene 
rfycol with the acids at 100“. On warming to 100° they polymer,*.- 
Uontinfr to 200° they are converted to the polyester* 
previously observed. This indicates that large molecules may be built 

found by Carothcrs et at.” to exist as a many-membered nng. Tin.- «a- 
t Un - j • nil omnnnts as one of the products of thermal decomposi- 
obtamed m sm It a j so found possible to obtain super- 

to cold dia\M B- ■ 1 {u{ d e of strength and pliability 

>«» » r ~ i 
™.o, -» «»■- 

^*r re :«.£ y r;;r - *. r— •™,-««■ ~ 


HOOC—(CHj)«CO—IO(CH0sOOC(CI1s)sCO]j Oil 


VIII 


.i crrrums It should be emphasized that 

acid residues occupy ‘can be obtained only by use of pure 
high-molccular-woig i 1 . . - ct i v oquimolccular amounts. It 

glycols and pure dibawc .«* two facto,, by Caro,hers 

- up — p»*“ 

polyesters. i: near polyesters may be sumniar- 

izcd^^brieflT'They^rc generally mieroerystalline powders of varying 
ucd briefly. y AdoDlion of a stringent reaction environment results 
molecular we ght. Adopt • J molccular eights up to about 

25 000 C " mokccdar°™nges provide polymers which exhibit the 
u 00 ’ n n nf cold-<l rawing. All the polyesters arc quite viscous in 
phenome Vo i ot ility decreases with increase in molecular size 

the molten state _e'iO^Wy n inlcrmolccular forces . In general, com- 

pounds°with molecular cohesions above 75,000 calories cannot be dis- 

17 Shorlund. ibid., ^7, 115 (HW5). 
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tilled, and molecular cohesions of the polyesters, which have been 
calculated as 250,000 to 300,000 calories 88 from the data of Meyer, 89 are 
far above this value. 

Depolymerization can be effected very easily if the monomeric unit 
ester is a six-membered ring, but under more stringent conditions the 
polymers of the general type (IX) are subjected to an ester-interchange 
reaction and obtained as monomers (X) or dimers (XI). The carbon¬ 
ates and oxalates undergo this change more readily than the higher 
acid esters. 

HO—(CH*),—lOOC(CHj)yCOC)—(CH 2 )x)n—OH 

IX 


oc—o 

/ \ 
(CH 2 )„ <CH 2 ), 

\ / 
oc—o 

X 


OC—O—(CH*},—O—CO 

I I 

(CH 2 )„ (CHj)y 

I I 

OC—O—(CH 2 )x—O—CO 

XI 


Three-Dimensional Polyesters. If one of the molecular species 
employed in the esterification reaction contains more than two func¬ 
tional groups, a new type of polymer results, and the properties of these 
polymers are totally different from the previously encountered linear 
polymeric esters prepared from dibasic acids and dihydric alcohols. 
As representative of the difference between the two types of polymers, 
the reaction products of phthalic anhydride with ethylene glycol and 
glycerol serve admirably for illustration. The reaction of phthalic 
anhydride with ethylene glycol has been studied by Kienle and Hovey. 40 
The reaction is a simple esterification which under the usual conditions 
goes very rapidly at the start. The number of reactive groups grows 
lower near the end of the reaction. The acidity decreases and the molec- 


Temperatcre, 

c C. 

190 

220 

230 

250 


Time at Which Esterifica¬ 
tion = 95 Per Cent, 
minutes 
1000 
220 
145 
55 


ular weight and viscosity rise. The dependence on temperature is 
shown in the table. The polymer is unable to undergo cross-linking, 

M Cnrothers and Arvin, ibid., 51, 2560 (1929). 

19 Meyer, Z. angcic. Chen «., 41. 943 (1928). 

40 Kienle and Hovey, J. Am. Chem. Soc., 52, 3636 (1930). 
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and the final product is similar to XII. The end groups may be car¬ 
boxyls or hydroxyls. The properties change slowly and continuously 
with increasing molecular size. 

fS^ c °°H C^^ c H, c H,°-^0 ooch iCHi ooC^^|, 

U a JlcOOCH,CH=OOCQJ) ^J) OOC^J) 


in, 


OH 


XII 


When glycerol is substituted for ethylene glycol, a new feature is 
introduced This reaction has been studied by Kienle and co-workers 
who have also investigated the reaction between glycerol and other 
dibasic lcids such as succinic, adipic, and sebacic. «•« Temperatures 
in the neighborhood of 200° were employed. The reacll ° n 

r„“bZy™ «-■ ® 

esterification involved reaction of a carboxyl group and a hydroxyl 
group. When the ^^“‘‘“'Uve ^"inLJpret^d'by Hd^ and 

"',h the evidence that the 

COOCH,CHOIICH,OOct^jl 


fS ^COOCH,CIIOHCII,OOC|^^ 


U^JJCOOH 


XIII 


d>H 


, , f „i vnorn i are more reactive than the /3-hydroxyl. 44 

o-hydroxyl groups of g y ero . n thc , ntry of , he 

Continuation of the reaction ^ W l.en this occur, a three- 

dimensional molecule results as a consequence of cross-linking: 

:: «.***. «• «•«»»=»— — p * ,ko 

ibid., 62. 1053 (1940) ; 63. JKl O041). 

<■ H»nd. Kunst.toffc. M. 70. 105.132 MlW1K 
«« Schlonkcr. AUgrn,. 0*1- u. tfll-A *•• • ( .oo 0} 

«* Fairbourno and Cowdrey. J. Chen,. *oc. 1.9 (1929>. 
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COO— 

COOCH 2 CHCH 2 OOC 




OOC 


OCOCH 2 CH—CH 2 OO 



CH 2 


COO— 


O COO— CH 

COO CH,OOCj^jj 


OOC^j, 

oocl^J 


ch 2 o— 

I 

CHj COO—CH 

CH—OOCf^^ CHl< 



XIV 


:H200C^^*j| 

-oocl^J 


The formation of these high-molecular-weight three-dimensional mole¬ 
cules is responsible for the gelation of the polymer and gives it the 
quality of heat-convertibility. These macromoleculcs are both infusible 
and insoluble, and the degree to which the resin possesses these proper¬ 
ties is related to the number of these high-molecular-weight molecules 
which arc present. An excess of phthalic anhydride over glycerol should 
be effective in producing a greater degree of cross-linking, and such an 
effect has been found. 46 

The properties of these polymers may be modified by the introduc¬ 
tion of a monobasic acid. If an excess of phthalic anhydride is avoided, 
the addition of a monobasic acid followed by heating to complete 
esterification will result in a molecule of the type (XV) which is an 


COR 

I 

O 



OCOR 

I 


COOCII 2 CHCII 2 OOCr^^ 

oocl^J 


cooch 2 ciicii 2 ooc^N 

coo— 


CHs 

I 

CHOCOR 

I 

ch 2 < 


XV 


«« Sugiinoto. Rcpts. Imp. Ind. Research Inst., Osaka, Japan, 14. (13) 11 (1933). 
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approximation of a linear molecule. In practice, ester-interchange 
reactions compete with straight esterification, and gelation due to cross- 
linking usually stops further reactions. 

Many modifications of this reaction exist. For example, if an 
unsaturated long-chain acid is used as the monobasic acid, the resultant 
polymer may undergo a further degree of polymerization through a 
“drying” mechanism similar to that- observed in the drying oils. In¬ 
corporation of other polymers or plasticizers is frequently necessary to 
produce commercial products of the required nature. 

The use of many other acids and alcohols has been proposed. Many 
of these are noted by Ellis.” For example, pentacrythntol and the 
sugar alcohols, sorbitol and mannitol, have been employed with phtl.ahc 
anhydride or other acids to produce plastics, ttide variations are 
possible, depending on the commercial use for which the polymer is 
designed. Garvey, Alexander, Kiing, and Henderson” have made some 
rubberlike mixed polymers by vulcanizing polyethylene tartrate by 
cross-esterification of its hydroxyl groups with a little succinic acid. 


Polyamides 

The polymeric amides may be divided into two classes in the 
same fashion as the polyesters. In one o these classes may be 
placed those amides derived from amino acids; the second group will 
comprise those polymers formed from two or more molecular species, 
as polybasic acids and polyfunctional amines Their properties and 
structures arc in general related to the esters which have a ready been 
discussed. Their importance, however, lies in tl.e.r relation to the 
most important of the great groups of naturally occurring macromole- 
cules, the proteins. The chemical properties of the amide linkage upon 
which the structure of the proteins is based are exemplified by the 
behavior of the simple polymeric amides. 1 he problem of protein 
structure, however, is more difficult than would be suggested by elemen¬ 
tary studies of these compounds. Polypeptides have often been pre¬ 
pared in the laboratory, but no protein has ever been synthesized It 
has been generally accepted that proteins are macromolecules made up 
of more or less complex amino acids bound together through amide 
linkages. As such, they may bo regarded as macromolecules derived 
from a mixture of amino acids through a process of condensation copoly- 


mcnzation. 


47 Ellis, “The Chemistry of Synthetic Resins.” Vol. II. Rcinhold Publishing Corp.. 
NC « Garvey!'Alexander. KUng. and Henderson. Ind. Eng. Chcm.. 33. 1000 (1041). 
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Polyamides from Amino Acids. Like the hydroxy acids, the amino 
acids undergo various reactions with themselves, depending on the 
relations between the functional groups. 

The a-amino acids (I) have received much attention because of their 
relation to the proteins. The free a-amino acids are quite stable at room 
temperature, but their esters (II) readily go over to the cyclic analogs 
of the lactides, which are called diketopiperazines (III). This reaction 
was observed for the glycine ester (II, R = H) by Curtius in 1883. 49 


R 

NH 3 CHCOj" 

R 

NH 2 CHC0 2 C 2 H* 

CHR 

/ \ 

NH CO 

1 1 

1 

11 

CO NH 

\ / 

CHR 

hi 


Once this six-membered ring is formed, there seems to be no tendency 
for the ring to open and a chain polymer to form as is the case with 
lactides (p. 707). 

Under certain conditions the a-amino esters do react to produce 
linear polyamides (IV). Curtius 60 reported that a tetramer of glycine 

NHjCHCOlNHCHCOlxNHCHCOaC^H^ 

i i i 

R R R 

IV 

(IV, R = H; x - 2) was formed along with the diketopiperazine when 
the glycine ester was allowed to stand in the presence of a little moisture. 
In dry ether the polymer is formed in greater yields. By heating the 
tetramer he obtained a product which was described as the anhydride of 
the octamer (V) which was hydrolyzed by hydrochloric acid to the 
hydrochloride of the open-chain polyamide (VI). 

—[NHCILCO]r- —> ClNILClLCOlXHCILCObOH 

V VI 

Fischer M heated the methyl ester of diglycylglycine (VII) at 100° 
for a half hour and obtained the methyl ester of pcntaglycylglycine 
(VIII) along with higher polymers. Surprisingly enough he was unable 

XH.CII 2 C0XHCH*C0XHCH 2 C0 2 CIIa^NHiCH s C0[NHCHiC0]»0CH* 

VII VIII 

49 Curtius. Her., 16, 753 (1SS3). 

40 Curtius. Her.. 37. 1284 (1904). 

41 Fischer, Her.. 39. 453 (1900. 
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to cause a similar reaction to occur when the tetraglycine ester was 

b^Frankel^n'd Katchalski“ have prepared from the ethyl ester of 
glycine a number of higher polypeptides which are hornlike and^water- 
insoluble. The degree of polymerization had to be estuna ed b > ana *> * ' 
cal methods since the products were somewhat intractable. This poly¬ 
amide had from twelve to twenty glycine units, depending on the 

^ M°ore 0 re P ccS e P“S“ 0 “ ^ P ven a P rclimina °' report on the produc¬ 
tion of higher polyglycines. By heating the ^ter of the he^ipjt.de 
(IX) to 102° he observed that molecules containing 12 24, 48, and 90 
glycine units (X, n = 12, 24, 48, and 90) were produced. In each case 


H[NHCHiCO]«OCHj 
IX 


H[NHCH 2 CO].OCH 3 

X 


this corresponds to 3 X 2" units and represents a doubling of the mo\ec- 

i • no« h fine The molecular weights were follow ed by 

ular size at each stage. Ihc ^ hcxamer (1X) for six days 

^t lS^the methoxvl content was reduced to 0.58 per cent, wlueh cor¬ 
respond to the polyamide with 90 glycine units (X, n - 90). Starting 
responos w i x ox t h e hcxamer formed first and then 

"or »rprodui-cd. The prodeeU 

— U> o, d.n..u*d 

Pr °Balbiano and Trasciatti« heated a mixture of glycine and glycerol to 
150-170° in a sealed tube to give a glycine polymer which was a yellow 
i , r\n\ TUnillard M studied the reaction and showed that 

sstj“ st itti..«!-*«»>• v -—- d 

polymers oi va > *, ,, . )ro poscd that glycerol esters of glycine 

hcxamer were .described _ ^Ic P~P^ formation . Maillard and also 

M e cyei n and Go» found that the main product was always the simple 

dik Sy C mc 1 thod.s have been devised to synthesize polyamides from 
M y . , . v derivatives. These more properly belong to a 

discussion of proteins and are not to be considered here because of lack 
of space. 

“ Fischer. Dcr.. 39. 2893 (1900). 

” l-rankel and Kotrhalaki. A alure, 144. 330 (1939). 

». 2323 (.900,; Balbl.oo, Ber.. *4, ISO. '.(1901, 

S2S^^.^ # W”«9 ««4,- 
” Meyer and Go. Heh. Chim. Aria. 17. .488 (1934). 
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The /3-amino acids do not form polymers on heating but lose 
ammonia. The y- and &-amino acids readily pass into the corresponding 
lactams, and neither the five- or six-membered lactams show a tendency 
to rearrange to polymeric amides. 

e-Aminocaproic acid (XI) on heating gives a mixture of cyclic lactam 
(XII) and polymer (XIII). 68 The lactam exists to the extent of 6-10 

NHj(CH 5 ) 6 C0 2 H NH(CH,),CO H[NH(CH,).CO]„OH 

XI XII XIII 


per cent in the equilibrium mixture. The polymer is a white wax, 
insoluble in most organic solvents except formic acid or phenol. It is 
soluble in hot formamide, from which it separates as a microcrystalline 
powder. The molecular weight is in the range of 800-1200, indicating 
about 10 units in the chain (XIII, n = 10). The nature of the end 
groups is not definitely known, but presumably the amino group is 
present, since derivatives with acid chlorides and anhydrides are ob¬ 
tained. The polymer is alkali-insoluble. Heating this polymer in a 
molecular still at 200° for forty-eight hours gives a distillate of lactam, 
and the residual polymer becomes harder and tougher. 6 ® No data on 
molecular weight have been reported on this modified product. 

f-Aminohcptoic acid gives a polymer 60 when heated, and this polymer 
is reported to be soluble in mineral acids and hot aniline. Extensive 
studies have shown that the higher amino acid polymers 61 have the same 
solubility as the polymer from eaminocaproic acid. They do show 
different melting points. 

Polyamides from Diamines and Dibasic Acids. Amide formation 
between dibasic acids and diamines has been reported many times in 
the older li erature but the products received little attention.® Some 
of these sub.stances were low-molecular-weight cyclic amides, and some 
were infusible and insoluble, indicating their polymeric nature. 

A detailed investigation of the formation of polymeric amides from 
diamines and dibasic acids was carried out by Carothers. 65 Substantia- 
ally cquimolecular amounts of a diamine and a dicarboxylic acid or an 


“Gabriel and Mnnss. Bcr.. 32. 1200 (1S99); Cnrothers and Berchot. J. Am. Chem. 
soc.. 62. 5289 (1930): U. S. patents. 2.241.321; 2.241.322; 2.241.323 (1941). 

89 Cnrothers and Hill, J. Am. Chem. Soc., 64. 1500 (1932). 

80 Manassc. Bcr., 36. 1307 (1902) ; v. Braun. Bcr., 40. 1S34 (1907). 

81 Cnrothers. U. S. patent. 2.071.253 (1937). 

M Fischer and Koch. Ann., 232. 227 (1886); Hofmann. Bcr., 6. 247 (1872); Freund, 
Bcr.. 17. 137 (1884); Anderlini. Gazs. chim. Hal., 24. (I) 397. (1894); Bcr., 2TR, 403. 404 
(1894); Fischer. Bcr.. 46. 2504 (1913); Meyer. Ann.. 347. 17 (1900); Ruggli. Ann., 392, 
92 (1912); Butler and Adams, J. Am. Chem. Soc.. 47, 2C14 (1925). 

Cnrothers. U. S. patents. 2,130,523; 2.130.947; 2.130.048 (193S). 
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amide-forming derivative of the acid were heated under condensation 
conditions at temperatures between 180° and 300° in the presence or 
absence of a diluent. The amides to which the greatest interest was 
attached were those in which methylene groups in chains of varying 
length separated the functional groups. The molecular weight of the 
product depended upon the conditions imposed during the reaction. 
Under prolonged heating with suitable arrangements for escape of the 
volatile products of the condensation, the molecular weight reached large 
values. No method was available for exact estimation of these values, 
but the range was very probably of the same magnitude observed for the 
polyesters obtained from glycols and dibasic acids The size of the mole¬ 
cule, however, could be controlled within limits by using either of the 
reactants in slight excess. The amount used ui excess determined in 
each case the extent of the reaction. Since the reaction was essentially 
stopped under these conditions, the viscosity of solutions o the polymer 
assumed a constant value that was not altered appreciably on further 
heating. Hence, the excess reactant was referred to as a viscosity 
stabilizer” and these polymers as vhcosily-stablc-potymcrs 

The reaction may Ik carried out in a number of faslnons. One 
convenient method is to prepare the salt by combination of approin- 
mately equal amounts of the acid and amine. If a suitable o n 
employed the acid and amine may be used in solution and the salt 
obtained as a crystalline precipitate. Such a procedure ,s po^.b e with 
hexamethylenediaminc and adipic acid; an alcohol-water .n.xtu may 
be employed as the solvent. These salts are re a lively -soluble 

. y , I »,ut they arc usually soluble in water, 

acetone, benzene, and ether, dui u * . *u nn \**t 

Recrystallization of the salts may be effected if necessary. 1 he simplest 

means of obtaining the polymer is to heat the salt under fusion comb- 

lions (180—300°) in the absence of oxygen. 

The polyamides so produced generally have high melting points and 
low solubilities. They arc usually soluble ... ho glacial acetic acid, 
formic acid, and phenols, but insoluble in the other common organic 
solvents. However, if side chains an- present, as in the products from 

3 -methylhcxamcthylencdiamine, 0 -methylad.p.c acid, and similar com¬ 
pounds the polyamides become soluble ... a wider range of soh ^> 
including some alcohols. This is also true of copolymers _ The poly- 
amides are also soluble in anhydrous hydrofluoric acid. Hot auds such 
as sulfuric or hydrochloric hydrolyze the amides to the component acids 
and bases. Strong alkali will also bring about hydrolysis, li e me mg 
points of these polyamides are somewhat uncertain owing to tar.at.ons 
in methods of preparation, but under the same conditions they a.e fairly 

“Gravea. U. S. patent. 2.105.263 (1039). 
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sharp and reproducible. In general, the melting points decrease with 
increase in unit length of hydrocarbon chain and with substitution. 
Some of these melting points are shown in the table. 

Polyamide From 

Ethylenediamine; sebacic acid 
Tetramethylenediamine; adipic acid 
Tetramethylenediamme; azelaic acid 
Pentamethylenediamine; malonic acid 
Pentamethylenediamine; adipic acid 
Pentamethylenediamine; azelaic acid 
Hexamethylenediamine; adipic acid 
Hcxamethylenediamine; sebacic acid 
Octamethylenediamine; sebacic acid 
Decamet hylenediamine; oxalic acid 
Piperazine; sebacic acid 

Those polyamides with a molecular weight above about 7000 are 
particularly useful since they possess the unusual property of forming 
strong fibers. Filaments may be obtained from a molten mass of the 
polyamide by an extrusion method. They are also obtained from 
solutions of polyamides by extrusion into a heated chamber for solvent 
evaporation, or into a bath of some liquid miscible with the solvent 
but a non-solvent for the polymer. Phenol solutions of polyamides can 
be used with an aqueous alkaline spinning bath, and formic acid solu¬ 
tions can be used for the evaporation process. The filaments are then 
subjected to cold-drawing, i.c., stretching. Under the influence of this 
stress the fiber becomes oriented and takes on a high degree of strengt 
along the axis of the stress. The orientation is evidenced by x-ray 
studies showing a fiber diffraction pattern. These fibers arc also 
optically anisotropic: a strong birefringence with parallel extinction 
may be observed under crossed Nicol prisms. The extent of cold draw¬ 
ing may be 100 per cent or higher (200-250 per cent); failure in one 
instance did *.ot occur until an elongation of 452 per cent. The result¬ 
ing fibers an. quite elastic and tough, and retain a high wet-strength. 
Their properties thus make them extremely attractive from the com¬ 
mercial point of view. Polyamides of this type are called “nylons 
and are being marketed as fibers. These polyamides are also being 
used for the manufacture of bristles. 

There is no well-developed field of polymeric amides corresponding 
to the alkyd resins. Such compounds are possible, of course, but no 
detailed investigation of their properties has appeared. There arc, 
however, a number of naturally occurring polyfunctional amino acids, 
such as lysine (1), glutamic acid (II), serine (III), and ornithine (IV), 
which on complete condensation would yield branched-chain polymers. 


M.P., °C. 
254 
278 
223 
191 
223 
178 
263 
209 
197 
229 
153 
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Some of these cross-linked polymers may perhaps exist in nature, but 
they are at present unimportant as synthetic polymers. 

h*nch,ch,ch 2 ch,chcooh ch 2 cooh 


NH. 


I 

CH. 

HiNCHCOOH 

II 


HOCH 2 CHCOOH HsNCHtCH-CHjCHCOOH 


NHs 

HI 


I 

NH* 


IV 


Urea-Formaldehyde Polymers 

The urea-formaldehyde resins are very important since they are 

„ Jo ftoTLw -WA h.v. MWjV»“• 

received much scientific stud>, intermediate products have 

still not completely ^vS^.or, of this reaction - 

•» ! ‘ rC chCmiCa ' UMiividUaU 
- -hey are =hyde react 

reversibly'in'the presence of acid and basic catalysts to produce methylo. 
urea (I) and dimothylol urea (II). CHl0 


NHsCONHs + CII2O - NH 2 CONHCHiOH 


CHjOH 

I 

NH 


CO 

I 

NH 

I 

CHsOII 

11 

„ „ „..,c Ilolxcr. Bcr.. 17. 059 (1884); 18. 3302 (1885); 

•* Goldschmidt. Brr.. 29. -4* S(/C 66, 1059 (1SS9); Tollens. «.r., 29. 2*51 

I.ftdy, MunaUh.. 10. 206 (18# >• * Einhorn and Hamburger. Brr.. 41. 24 (1008); 

(1800); Einhorn, Ann.. 361. % (1Q;J>tJ . 31< 0 73 (1039); Kadowuki. Bull. 

Hod gins and llovcy. Ind. r. ng. ' . m/ /{ r starch Inti.. Osaka. Jaixin. 7, No. 0 

Chtm. Hoc. Japan. 11. 218 (193 ,, ; 0 ( j 93 3>; 14. No. 11 (1034); 16. No. 0 (1035) ; 

(1920) ; 13. No. 3. No. 0 (103*-): J*. ‘ , )Uo|l y. C hr,n. Soc.. 238 (1018) ; Scheibler. 

Herninclinayr, Monalsh.. 12. ‘ (1928); van Lacr. Bu//. *«>e. chim. Belt., 

TroeUor. and Schol*. Z. angcu. ’ . l920) . Walter and Oeatcrrcich. Kolloid-Bti- 

28. 381 (1019); SUiud.nger Bcr.. o». * 40< 15S (ltt:j4); Walter. Kolloid-Z.. 57. 

heJU, 34. 116 (1031); ^®* lcr nn ' n,. itu i le , 34. 1G3 (1931); Walter. Tran«. Faraday 

220 (1031); Walter and Gowm* ' ihf/ 36 . 387 (1932); Kcdfum. Brft. /W«o. 

•S’oc., 32. 377 (1030); do C beano. 

8. 238 (1033); Elba. U. S. patent. 2.115.550 
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Further heating of either of these products results in polymer for¬ 
mation. This may occur by dehydration of the monomers to give 
methylene (III) and dimethylene urea (IV) which then polymerize by 
an addition mechanism. 

NH» N=CH 2 

I I 

CO CO 

I I 

N=CH, N=CH* 

III iv 

The dimethylene urea would be the constituent of the poljTnerization 
mixture which would cause cross-linking. More probably, however, the 
polymerization proceeds by a stepwise loss of water between the mole¬ 
cules of methylol and dimethylol urea. On this basis the dimethylol 
urea is responsible for the cross-linking. It is known that methylol 
urea liberates formaldehyde on heating, and this may combine with 
more methylol urea to give dimethylol urea. Hence the polymer 
produced from pure methylol urea as a starting material will still be 
very complex. 

No strictly accurate scheme for this polymerization reaction can 
be written, but the following may be considered a possible route from 
methylol and dimethylol urea (V) to the final cross-linked polymer (VI). 


HO-CH-NH HN-CHjOH'HtN-H -CHj-NH NH-CHj-N-H 

CO CO CO 60 CO CO 

HN- CU,jOH” "h+N-JhX HN-CH.OH HN-CHrN H-NCH- 

\ \ CH, 

H-N-H HN-CH^OHj NIICH.OH -N-H H-N NHCHr 

CO _CO CO CO CO CO 

HN-CH, fOH Ht N-CHjOH HrNH HN-CH,—N-CH,—NH 


v 


VI 


Another possible intermediate is a cyclic derivative (VII) which 
could react with itself to produce a polymer with the six-membered ring 
in its recurring unit (VIII). Cross-linking, which can also occur in this 
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type (IX) of intermediate, would account for tne insolubility and 
infusibility of the final polymer. Recently, it has been suggested that 


CO—N— 

-N^ X CH, 

\ / 

CHa-N 

io—N HCH*—N 


CO-N 

\ / 

CHj-N 


H 

N—CO 

CH, N— 

CII*—NHCO—N—CHa 

I 


CH: 


CO—N— 

io-NHCH— CH > 

rN 


CH: 


io— 


NH—CHj 


IX 


r (II.) . 0 n h Z? &ZSE2Z- 

roup. -«■* »> “■ 

CH* 

NHtCO—^N—CONHj 

CH, CH, 

\ N / 

ko 

I 

NH, 

X 

the reaction accounts for the high 
membered ^ °Lg which occum in the resins of this 

degree of branching and cross-linking 

type ’ , , of condensation, urea-formaldehyde 

Whatever^-“^^‘^vaic^olublc. Heating these produces 

polders can be made which gives thc well-known product of 

commerce 0 Se water-soluble resins are widely used in treating textiles. 
The powders are used *, ^X^ation of the final polymer is the 
use^ttXra orthe monon.ethylol (XI) or dimethylo. derivatives 
T . ThumUin. "CUmirfry o. MCmino Red,../' Git-on M»d Coafcrc.ee o„ 
Polymeric Mntcriula (19-41)- 
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(XII) of urea, 67 which are easily made by carrying out the condensation 
of urea and formaldehyde in the presence of an alcohol. These ethers 

NHCH 2 OR 

I 

CO 

I 

NHCHjOR 

XII 

undergo condensation polymerization to produce essentially the same 
polymers as the methylol derivatives themselves. 

It is of interest to note that neither symmetrical 68 nor unsymmetrical 
dialkyl ureas give polymeric materials with formaldehyde. With the 
symmetrical derivatives (XIII) a product is formed from two molecules 
of the urea and two of formaldehyde with the loss of one molecule of 

RNHCONHR R 2 NCONH 2 

XIII XIV 

water. The unsymmetrical derivative (XIV) gives a methylene diurea 
(XV). 

RiNCONHCHiNHCONR, 

xv 

Melamine-Formaldehyde Polymers 

The melamine-formaldehyde resins are similar to those derived 
from urea and formaldehyde. Melamine is 2,4,6-triamino-l,3,5-triazine 
(I) and is prepared commercially from cyanamide through the inter- 


NH S 



N N 


HjN—C C—NHj 

Vn/ 

I 

mediate formation of dicyandiamide. 89 It may be condensed with 
formaldehyde to form melamine methylol derivatives, and these may 

87 Hod gins and Hovcy. Ind. Eng. Chem., 31. 673 (1939); Sorenson. U. S. patent, 2,191,* 
974 (1940). 

** Scheibler, Trostlcr, and Scholz, Z. angeir. Chrm., 41. 1305 (1928). 

89 McClellan. Ind. Eng. Chcm.. 32. 1181 (1940). 
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be heated to form thermosetting polymers. 70 The reaction is probably 
similar to that between urea and formaldehyde. 66 - 71 

These polymers have recently become commercially important 
because of their superior stability to heat and light. They are used in 
molding resins under the trade name “Beetle-Melamine” and also, 
incorporated with alkyd resins, in quick-curing enamels under the 
trade name “Melamac.” 

Phenol-Aldehyde Polymers 

The reaction between phenols and aldehydes was apparently first 
investigated by Baeyer and his students in 1872.” Many other workers 
have added to the knowledge of this condensation reaction in the inter- 
vening years. Around 1900, patents began to appear on these products, 
but it remained for Baekeland 7J to demonstrate the possibilities of the 
reaction from a practical point of view The resins first used were 
made by condensing phenol and formaldehyde with either ac.d or 
alkaline catalysts. Alkaline catalysts bring about the condensation of 
formaldehyde in the ortho aud para positions of phenol and this reaction 
has essentially the same chances of producing a three-dimensional resin 
as the glyccrol-phthalic anhydride combination. The two positions of 
the methylene radical (—CH* ) correspond to those of the anhydride, 
and the three positions in the phenol ring correspond to those ... glycerol. 
A possible type of polymer is shown in I. but many variations can be 
written. That the hydroxyl groups arc not concerned in this reaction is 


+ CHjO — 


OH 




" Soc- eour 

“-*«• lnd - En ‘- Ckm - 33 ' 709 U94,, • 

i: «. «». <»»»>>* 

618. 932 (1011); 4. 737 (1912); 6. 600 (1913). 
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indicated by the fact that the low-molecular-weight resins first produced 
are alkali-soluble. 

By use of a phenol substituted in the ortho or para position, the 
possibilities for cross-linking disappear. By mixing a certain amount of 
such a substituted phenol with phenol itself, the properties of the final 
polymer can be greatly changed somewhat as glycerol-phthalic anhy¬ 
dride esters can be modified by introducing a certain amount of mono¬ 
basic acid with the dibasic acid. A position in the ring cannot be 
blocked with a methylol group as these can leave the ring as well as 
enter it under alkaline reaction conditions. 

Acid catalysts cause a slightly different type of polymer to form. 
Even the low-molecular-weight products first obtained are alkali- 
insoluble. Thus the phenolic hydroxyl must be used up, and this may 
be the result of ether formation between neighboring phenol groups or 
acetal formation. In either of these events we have a 2-4 combination 
rather than the 2-3 combination discussed in the case of the alkaline- 
cat a ly zed reaction. 

The thermosetting properties of both the urea-formaldehyde and 
the phenol-formaldehyde resins are possible because the condensation 
reactions produce the methylol intermediates, —CH 2 OH. Further 
heating causes still further condensation to occur until the infusible 
state is reached. Oil-soluble phenolic resins prepared from substituted 
phenols for use in varnishes have recently been reviewed by Turkington 
and Allen. 74 

Other aldehydes and other phenols are used industrially for certain 
resins. Aromatic amines may be used in place of phenols, and the 
“Ciba” type resins result. However, they are formed by essentially 
the same sort of complex condensation reactions as have been pictured 
above. In the case of the amines the aldehyde also attacks the nitrogen 
atom, thus increasing the possible complexity of the final polymer. 75 
The weta-phenylencdiamine-formaldchydc polymer has found some use 
in the removal of anions from water. 76 

74 Turkington and Allen, Ind. Eng. Chem., 33. 900 (1941). 

74 Sec Sprung, Chcm. Rev., 26. 297 (1940), for a general review of tho reaction of amines 
a id aldehydes. 

’•Adams and Holmes. J. Sue. Chcm. Ind., 64. 1-GT (1935); Schwarts, Edwards, and 
Boudreaux, Ind. Eng. Chcm., 32. 1402 (1940); Myers, Eastes, and Myers, ibid., 33. 097 
(1941). 
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“Thiokols” 

Ethylene chloride and sodium polysulfide react on heating to give a 
polymeric polysulfide with properties resembling those of rubber (I).'* 

ClCHiCHaCl + Na=S. — — 

The polymeric molecule has been converted ” to a polyethylene disulfide 
(II) which will again take up sulfur to give the rubberlike product (11. 
The polyethylene disulfide has been reduced to ethylene d.mcrcaptan 
(IV) The structure (III) of the polymer has been demonstrated not 


—[C H -— c II ?—S—S] a- 

II 

NaOBf 


Reduction 


ion^ |l 


-S 


+s 


—[CIIs 


-CHr 

in 


-S-S] n - 

1 1 
s s 


HSCHjCIIsSH 

IV 


- J--? 

To ... u- 'pS™ 

must be used toe*** " u of . mU eh lower molecular 

.s a viscous i QUid^ ThiS J cxplanation for this is apparent. 

weight than the former A reosonob I undoubtedly -SH by 

L=r^e d l^ia C units 6 SiLe sodium tctrasulfidc tril, 

oxidize aii —SII group tois used, 

~ d P °,“t£LS?~to ero „ to U.i. TO «. well „ by 11,0 
ana tnc moiccu _CH->CH 2 C1 end group can react in only one 

primary reaction. Hie— b 
wav to cause increased moleculai "cig 

The condensation products obtained when excess sodium polysulfidc 
is used may be vulcanized, usually with z.nc ox,dc and water. It seems 
, , . ., . „.. • r-.onnnsible for further increase in chain length 

c y t a j_ S H groups and formation of more disulfide 

Jr^m^Tiber if thought to involve a low degree of 

sees* .v&r *•. ■>« 

Soe., 32, 347 (1030). 
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cross-linking of the long linear molecules. It is difficult to see how 
cross-linking is involved in the vulcanization of the “thiokols.” 

The ethylene “thiokols” are probably the most important practically, 
but many others have been prepared from such products as trimethyl¬ 
ene chloride, dichlorodiethyl ether, and propylene chloride. 

Polyacetals 

By far the most important polyacetals are the naturally occurring 
ones such as cellulose, starch, and inulin, which are discussed elsewhere 
in this book (Chapter 22). However, as considerable work has been 
done on synthetic products of this type, a few examples of them will 
be discussed. 

H. S. Hill and Hibbert 7 * have investigated acetal formation when 
glycols are treated with acetylene. They found that the lower glycols 
give five-, six-, and even seven-membered rings (I). The six-membered 

/°\ 

HC==CH + HO(CH,)«OH — CH,CH (CH,) n n - 2 .3. and 4 

Nk 

I 

rings formed most readily, the five-membered rings next, and the seven- 
membered rings were most difficult to obtain. When octamethylene 
glycol and dccamethylene glycol were used in the reaction, heavy, 
syrupy, odorless acetals of high and indefinite boiling points were 
obtained. These were undoubtedly linear polyacetals (II). 

—[CHO(CH 2 )nO],— 

I 

CH, 

n - 8 or 10 

II 

Hill and Carothers 80 studied the formation of acetals (V) from glycols 
(III) and dibutyl formal (IV) with an acid catalyst. The polymers 

IIO(CH 2 )„OH + C 4 H 9 OCII 2 OC 4 H 9 -> — [CH 2 0(CH 2 ) n 0]— + C 4 H 9 OH 
hi iv v 

obtained directly by this reaction have a molecular weight of around 
2000. Heating in a molecular still converts them to higher polymers 
and to cyclic monomeric or dimeric acetals. The polymers obtained by 
this procedure can be oriented by cold-drawing to give filaments. 

79 H. S. Hill and Hibbort, J. Am. Chcm. Soc.. 46. 310S, 3117, 3124 (1923). 

•° Hill and Carothers. ibid.. 67. 925 (1935); Carothers. U. S. patent, 2,110,499 (1938). 
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Other Condensation Polymers 

In addition to the polymer-forming reactions, which have received 
greater attention because of the practical importance of the products, 
many others have been studied academically. Many of these are of as 
much theoretical interest as the reactions already discussed. Since they 
follow the general patterns which have been discussed, however, it is 

not necessary to go into great detail here. 

The formation of anhydrides from dibasic acids was given special 
attention by Hill and Carotheis,*' although many polymeric products 
had been incompletely described in the older literature. The recent 
work on the anhydrides of the series CO.HfCHjb.CO^H, in «hich n - 
4, 5, C, 7, 8, 9, 10, 11, 12. and 10. has shown that they are all linear 
polymers When prepared by the action of acetic anhydride or acetyl 
chloride on the dibasic acid. The reaction of these polymc.s with aniline 
proved to be very useful in distinguishing them from dimeric cyclic 
products and as a means of showing that the end groups were acetyl 
(I). The end groups give some acetanilide whereas the anhydride units 
in the chain react in a random fashion to produce dian.hde, monoan.l.de, 

CH.CO— [OCCKCIM.CO],—OCOCH. 
and dibasic acid according to the laws of chance. These require that 

for every molecule of dib^ in ^‘mo £ 

T,,,..,,,™.!. ~.IU checked 

„ SSrt'‘ttS “XS. anhydrides studied by Hill eud 
n 4l * . . • nolv<cbaiic\ and polydodccanoic anhydrides, 

Carothem, ■ polysubc , • ' • J ]ar ^ aimeric anhy- 

when depolymemed by £ lh( . rings. All the other poly- 

Xlderfn thafsoni ga^e monomeric cyclic anhydrides bu, the 
ten- and twelve-nu mbered rings were extremely unstable and tended 
to revert to the linear polymer form except at hqu.d-a.r temperatures. 

Reactions which should produce polyanuncs such as those of an 
alkylenc dibromide and ammonia,- - M aliphatic dibromidcs and 

•* Hill, J. Am. dun,. Soc.. 63. 4. .0 (.930,: HiU C»roU.cr., ibid.. 64. .509 (1932) 1 

3 . 702 . 1870 .. 4 . 606 (» 71 >; «. 3297 , 37.1 0890 ). 

<,#3W; "* ^ 1007 0037,1 

57. 205 ( 1938 ); 68 . 544 . 1105 < 1039 ) : 69 . ( * ,m 
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diamines, 84 and a bromoalkyl alkylamine condensation, 85 have been 
studied but most of the emphasis has been placed on the lower-molec- 
ular-weight products which could be isolated. Polymeric quaternary 
ammonium salts have been obtained by the reaction of compounds of 
the type Br(CH 2 ) n N(R) 2 , where n = 3,7, 8, 9, and 10. 8B These products 
were hygroscopic solids with molecular weights in the range of 1500 to 
10,000, depending on the nature of R and the size of n. Some cyclic 
products were obtained when n = 3 and R was greater than methyl. 

Zimmerman and Lochte 87 showed that the product of the reaction of 
diacetyl and hydrazine 88 is a linear polymer (II) with a molecular weight 
between 300 and 400. Other diketones and hydrazines gave similar 
linear polyazines. 

CH, CH, CH, CH 3 

11 1 I 

H*NN=[C-C=N—N ] „=C-0=0 

n 

Arvin 89 prepared polyether resins from phenolic bodies, polyhalides, 
and polyalcohols in an alkaline medium. 

Previously, some work had been done on the formation of polyphenyl¬ 
ene ethers by the oxidation of o-cresc*, 90 but the products were only 
trimers. Also, Staudingcr and Staiger 91 have used the Ullmann reaction 
to get to the hexamer stage in the polyphenylene ether series and have 
made viscosity studies of these ethers. 

Polymeric hydrocarbons have been prepared by the action of metals 
on dihalogen compounds. The work of Riese 92 on the reaction between 
7 >-dibromobcnzcne and sodium was one of the earliest irvestigations in 
this field, but the nature of the polymeric products was not understood 
until Goldschmiedt 93 and later Jacobson 94 showed that the chief product 
of the reaction, C 4 8H 32 Br 2 , was probably a linear polymeric product 
having eight benzene nuclei (III). Jacobson also prepared a polymeric 



18 Cowan and Marvel, J. Am. Chem. Soc., 68. 2277 (1936). 

••Gibbs, Littmann, and Marvel, ibid.. 66. 753 (1933); Lehman, Thompson, and 
Marvel, ibid., 66. 1977 (1933); Gibbs and Marvel, ibid., 6$. 726 (1934) ; 67. 1137 (1935). 

87 Zimmerman and Lochto. ibid., 68. 94S (1936); 60. 2456 (1938). 

85 Curtius and Thun. J. prakt. them., (2] 44. 175 (1S91); Diels. Bcr., 36. 350 (1902) 
Diels and Pflaumer, Ber., 48. 223 (1915). 

89 Arvin. U. S. patent. 2,060.715 ; 2.0G0.716 (1936). 

90 Goldschmidt. Schulz, and Bernard, Ann.. 478, 1 (1930). 

91 Staudingcr und Staiger, .4nn., 617, 67 (1935). 

91 Riese. Ann., 164. 161 (1872). 

98 Goldschmiedt, Uonatsh.. 7. 40 (1886). 

94 Jacobson, J. Am. Chem. Soc., 64, 1513 (1932). 
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BrCH s O c Hr—I CH 


OH; 


brominated hydrocarbon containing approximately 31 p-xylylene resi¬ 
dues (IV) by the action of magnesium on p-xylylene dibromide. 

I—CH:<^^>CH = Br 

IV 

The action of sodium on dccamethylenc bromide in ether gave a series 
of normal hydrocarbons from which CjoHjoa. C 00 H 122 , and C TO H , 4 2 were 
isolated by molecular distillation “ The residue contained still higher 
hydrocarbons, but they could not be distilled without decomposition 
The data of Meyer” and Dunkcl ’ 1 show that the molecular cohesion of 
a C 70 hydrocarbon is about 71,000 calories and that of a C so hydrocarbon 
is about 81,000 calories. Since the heat of separation of a carbon- 
carbon bond is about 75,000 calories it would be expected that a C so 
hydrocarbon would decompose rather than distil." 

These hydrocarbons of high molecular weight were also used to carry 
out a rough check on one of the controversial subjects in polymer 
studies. It had been suggested» that the apparent decrease tn the 
molecular weight of rubber and other polymen, of very high molecular 
weight when heated gently or subjected to mechanical strain was real 
and was due to a thermal instability of these molecules at temperatures 
slightly above room temperature. The decrease ,n thernial stability 
from methane (decomposition temperature ftoO-700 to ethane 1 (5oO- 

600°) >” and ethane to hexadecane (ro. 470“),'“' if followed on to higher 
members, would lead to such a result. However, a study of the .hernia 
stability of triacontane, te.rucon.ane, pcntaeontanc, hexaeontane and 
hcptacontune showed that the change from C 30 up to C 70 «as so slight 
that it would be safe to say that a paraffin hydrocarbon of a molecular 
weight of even greater than 200 ,000 would be stable at room temperature 
Bifunctional Grignard reagents'- (V) have been treated with methyl 
formate to yield polymeric alcohols (VI). 

BrMg(dI 2 )i 0 MgBr + IIC—OCH, — 

V 


r OMgBr' 


Oil 

1 

——('ll— 

1 

L—(CIIc) to—Cl I— 


n 

VI 


“Carothcra. Hill. Kirby, and ^cobso«. *«-• “• 5279 Cl930, ‘ 
98 Moyor, Naturv'iascnscha/lcn. 16. 7M 

97 Dunkcl, Z. phusik- them.. A138. 42 (19-8). 

98 Staudinger. Dcr.. 69. 3037 (1920). 

99 Done and Wheeler. J. Chcm. S 81. •»*- (lou-). 

100 Williumtt-Gardncr, Furl, 4. 430 

«<>• Gault und IIcmcI. Ann. cAim.. HO) «. 310 (10- ). 

‘o* Carothors and Kirby. /. Am. C hem. Soc.. 54. 15SS (1932). 
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The Friedel and Crafts reaction has also been used to produce polymeric 
materials. Thus, benzyl chloride reacts with traces of aluminum chloride 
to give complex soluble and insoluble products. 103 The soluble polymer 
is probably linear. The chlorine seems to be removed entirely by some 
side reaction. 

Qch,c> - Qc» 40 ° H -]rO CHi 

VII 

Shriner and Berger 104 have found that sulfuric acid converts benzyl 
alcohol to a mixture of at least two polymers, one of which has a com¬ 
position identical with the soluble linear polymeric hydrocarbon reported 
by Jacobson 103 and the other has a terminal hydroxyl group (VIII). 


C,H 6 CH 2 (C6H4CH 2 )»CeIl4CH 2 OH 

VIII 

Oxidation of these polymers to yield both o-phthalic and terephthalic 
acids shows that both ortho and para positions in the benzene nucleus 
are involved in polymer formation. 

The polymeric alkyl silicon oxides are another interesting type of 
polymer. Kipping 105 first recognized that the silicanediols R 2 Si(OH )2 
condense intermolecularly to yield polymeric anhydrides and silicones. 
The silicanetriols, RSi(OH) 3 , likewise were known to condense to white, 
powdery “siliconic acids" (RSiOOH) x . loe 

Rochow and Gilliam 107 have recently found that the silicanediols 
may be made to condense with the silicanetriols to yield solid polymers, 
probably of a cross-linked siloxane structure (IX). 


—R,Si—O—RSi—O—R=Si—O— 

I 

0 

I 

—RsSi—O—RSi—O—RSi—O— 

I 

O 


,os Jacobson. ibid., 64. 1513 (1932). 

•°* Shriner and Borger. J. Org. Chcm., 6. 305 (1941). 

,os Kipping. J. Chcm. Soc.. 91. 218 (1907); Robison and Kipping, ibid., 93. 439 (1908); 
101, 2142 (1912); Murtin and Kipping, ibid., 95, 302 (1909); Kipping, ibid., 101, 2100 
(1912). 

104 Mends and Kipping, ibid., 106, 679 (1914); 107, 459 (1915); Ladcnburg, Ann., 164. 
300 (1872); 173. 143 (1S74). 

107 Rochow nnd Gilliam. J. Am. Chcm. Soc., 63, 798 (1941). 
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The polymeric methyl silicon oxides (IX, R = -CH 3 ) -e -'orlcss 
transparent, horny resins and are unique in the.r thermal stability, no 
perceptible change being produced by heating in a.r at 200 f°rayear. 
Hyde and DcLong'« have also prepared silicon-containing polymers. 

ADDITION POLYMERIZATION 

Addition polymeria, lion bn, no .*»et P»»IW tl» 

?„°th“i.n mintun’s.' Addition polymer, u.n.Uy mnge ta 10,000 

”" J,C > “»IT 

otdo, oi tnoloculor «*M. Tl« purity o, the mono,nor highly 

^InTc Iha^rL^’ioTivhich ’produce the" polymers, side reactions 
may occur such as 

These side reactions nm st. l^ ^ „, ini(iation , propagation, and 

m detail here Th. actual " ^ morc s . ltisfiictl ,rily after a 

3!^ i-of r 12 have been determined concerning 

Var 'Thc Various 8 unsiiturot^d^nmnoiiM’ri^ tfcriTOtivro 

addition pol>monza 1 , corta i„ strained cyclic monomers 

lcr.nay ^ea led ^udoun.lurated. The olefins and the dienes am 
S most in'portant Clinically and have reeeiyed the greatest amount 
of study 1.1 the field of addition polymerization Stuud.nger has done 
tL greatest amount of work and has laid the foundatmn for much of 
the work which others have done. 


io« HvUt? uiitl Del.onK. Aid.. 63. H'>* <1041). 

Murk. Pl.y»iral Chcnirfry of Hi* Poly.ncr.c *9»Um 

Now York (1940). 311- 


Intorst ienre Publishers 
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Olefins and Their Derivatives 


A wide variety of olefins has been polymerized by addition but the 
limitations are fairly definite and can be expressed with fair certainty. 
In the general molecule, 


RC 


R 


^>C=CH» 


if R and R' are hydrogen or low-molecular-weight alkyl groups, the 
substances will usually polymerize. 

(T 

RCH=CH* -> —\CH—CH* 



R—C=CH* 

I 

R 

Only when R and R' are both methyl groups has the polymerization 
of a disubstituted ethylene been extensively studied. Apparently, 
it is impossible to polymerize a .symmetrically substituted olefin 
RCII=CHR or a tri- or tetrasubstituted olefin to obtain high-molecu- 
lar-wcight products. This last limitation may be due to lack of present 
knowledge rather than to some intrinsic property of these molecules. 
Some tetrasubstituted halogen derivatives of ethylene have been 
polymerized. 

If either R or R' or both are unsaturated or electron-attracting 
groups, such as phenyl, carbonyl-containing residues, —OCOR, chlorine, 
or cyano, polymerization usually is more readily accomplished than in 
the case of the simple olefins. If, however, R is phenyl, R' must be 
hydrogen or the polymerization is very difficult to accomplish. Styrenes 
with substitution on the vinyl residue polymerize to low-molecular- 
weight molecules. 110 

Copolymerization, in which two different olefins or olefin derivatives 
take part in the chain reaction, is quite complex. Cases of this sort will 
be considered after the simpler ones have been described. It may be 
well, however, to point out at this time that there are olefin derivatives 
of the type RCH«=CHR which will not themselves polymerize but 
which do enter into copolymerization reactions with other polymerizable 
olefin derivatives. Thus, ethyl maleate and maleic anhydride can be 

1,0 Staudi.igcr and Brcusch. Dir., 62. 442 (1929). 
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combined with vinyl chloride to give copolymers but will not them¬ 
selves readily polymerize. t . 

The chain polymerization reaction is usually started by a catal.y t 
such as a metal halide, a metalloid halide, or a peroxide^ Boron fluonde 
and aluminum chloride work best at low temperatures. Benzoyl perox.de 
and hydrogen peroxide are common peroxide-type catalysts. Poly¬ 
merization may also be induced by heating and by irradiation with 
ultra-violet light. Oxygen also plays an important role in polymeriza¬ 
tion processes of this type, possibly through the formation of olefin 

PCr Staudingcr 111 has shown that the temperature and general conditions 
under which styrene is polymerized have a marked effect ot. the molec¬ 
ular weight of the polymer. This is shown by the facts summarized n 
Table I In general these results carry over to other addition-polj- 

TABLE I 

Molecular Size of Polystyrene as Affected dy 
Method of Polymerization 


Method of 
Polymerization 

Heating with SnCli 

Under nitrogen at 
150° 

Under nitrogen at 
100 ° 

In air at room 
temperature 

Under nitrogen at 
room temperature 


Appearance 

of Polymer 
White pulveru¬ 
lent material 

White powder 
White 
filers 
White 
fibers 
White 
fibers 


Average 

Molecular Sintf.uino Solubility 
Weight Point in Ether 

Soluble 


3.000 

23.000 

120,000 

200.000 

000,000 


105-110* 
120-130 
100-1 SO 
ISO 
ISO 


Slightly 

soluble 

Insoluble 

Insoluble 

Insoluble 


mcrization reactions. Low-temperature polymerizations with little 
catalyst arc likely to produce the higl.cst-molccular-wo.ght polymers. 

Staudinger 1,1 has introduced the term degree of polymerization to 
indicate the number of recurring units in an addition polymer. In the 
ease of styrene where the monomer has a molecular weigh of approxi¬ 
mately 100, the degree of the polymer is about 1 100 of the molecular 

weight. The low-molecular-weight addition poly mem will, a degree 

number up to about 100 arc called hcmicollo.ds by Staudinger." 1 1 hey 
behave much like ordinary low-molecular-weight compounds as regards 

111 Staudinger, "Dio boch.nolekul.rcn organischen Vcrbindungeu." J. Springer, 
Berlin (1932). 
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solubility, viscosity of solutions, etc. Those polymers with a degree 
above 100 and below 1000 are called mesocolloids. They constitute a 
transition group, and the physical properties change more or less 
gradually from those of low-molccular-weight substances to those of 
very-high-molecular-weight substances. Polymers with a degree above 
1000 are called eucolloids. They usually swell markedly with solvents 
and dissolve only very slowly to give solutions which show abnormal 
viscosity behavior. In these solutions the individual molecules which 
are dissolved begin to approach the size of the ordinary colloidal particle. 
As mentioned earlier, three-dimensional polymers are invariably insolu¬ 
ble even when of relatively low molecular weight. Slightly cross-linked 
polymers of the linear type usually swell with solvents. 

The older method of producing polymers from the olefins and their 
derivatives was to use the pure liquid or a solution in an organic solvent 
in which the catalyst would dissolve. This method is still widely 
followed, but industrially some of these reactions are now carried out in 
emulsion. The monomeric material is suspended in water or a water* 
organic solvent mixture and the catalyst and an emulsifying agent are 
added. The polymer may separate as it forms or it may remain in 
emulsion and be coagulated at the end of the polymerization. The use 
of the emulsion technique has greatly improved the homogeneity of 
some of the polymeric products which arc technically available. 

Ethylene. As long ago as 1707 experiments involving the polymer¬ 
ization of ethylene were being described in the scientific literature; 1,2 
therefore no attempt will be made to give a bibliography covering all the 
succeeding work. Thermal polymerization of ethylene in the presence 
of metal chloride catalysts 113 at about 70 atmospheres was found to 
pmdu:%j butane and other lower paraffins, together with olefinic and 
naphthenic oils. Burk, Baldwin, and Whitacre 114 have made a very 
careful study of the dimerization of ethylene in glass at G25°. The main 
idea behind the earlier work seemed to be the production of gasoline or 
lubricating oil from ethylene. Summaries of these phases of ethylene 
polymerization arc available. 115 

Most of the earlier work on the polymerization of ethylene did not 
lead to a true chain polymerization with the production of large mole¬ 
cules. In recent years this has been achieved by heating ethylene at 
pressures above 1000 atmospheres and temperatures from 100° to 400° 

1,2 Dei man, Troostwyk. Lauwcrenburg. and Bondt, .-Inn. chan., 21, 5S (1707); Ann. 
Physik, 2. 208 (1799). 

113 Ipatieff and Rutnln. Ii> r.. 46. 1748 (1913); J. Russ. Phys. Chcm. Soc., 45, 995 (1913). 

n * Burk. Baldwin, and Whitacre. I ml. Eng. Chetn., 29. 320 (1937). 

•“EglotT. Schaad. nnd Lowry. J- Phys. Chcm., 35. 1S25 (1931); Sullivan, Voorhcea 
Neeley, and Sluinklund. I nil. Eng. Chcm., 23, 004 (1931). 
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with a carefully controlled amount of oxygen.- This produces a solid 

CHr=CHj — —[CH 2 CH 2 ] x — 

polymer which is tough and waxy to the touch and melts around 118*. 
The mean molecular weight estimated by viscosity measurements in a 
tetrahydronaphthalcne solution runs from 2000 up to 20.000, depend¬ 
ing on the temperature and pressure of polymerization These polymers 
show a crystalline structure by x-ray diffraction methods^ Thc P^^, 
has been produced technically in England under the name Poll thine. 
” aS Isobutylene. Isobutylene, which is available by petroleum-cracking 
processes can be converted to a mixture of dimers,tnmers,and tetramers 
by'acid treatment, but this process is hardly a true polymerization. By 
Sc of metal ha’lide catalysts, isobutylene has been eonverred 

-as ^ rrw 

B ,»u£on nltcrn.tc carbon a.o.n. (D- The products noth molecular 


CIIj 


Cll, 


—C-CHs-C-CIIi 


CH: 


CHa 


• I * nhn.,t 27 000 arc thick liquids. The higher polymers are 

™f tS * UP h JK c £ wi.h properties which make them useful 
white, toughbo vulcanized, however. The satur- 


CU=CIh 



,» Fawcett. Gibson. an.1 Perrin U. 

mOtto and M'l^r ^nn'ad.. /mJ fc .„ e . . 33 . 299 ,1910,: 
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called attention 119 to the fact that it gave polymeric products. The early 
literature is full of references to the changes which styrene undergoes 
under the influence of heat, light, and various chemical agents. How¬ 
ever, the work of Staudinger 120 and his collaborators has shown the real 
usefulness of polystyrene. Much of our knowledge of other addition 
polymers has come from this work on styrene. 

Thermal polymerization of styrene at moderate temperatures (150- 
175°) leads to a water-white, transparent polymer which has a superficial 
resemblance to glass. It is much softer than glass and is tough rather 
than brittle. It can be cut, shaved, machined, and molded under 
pressure and heat. It displays a rubberlike elasticity when warmed. 
The polymer is soluble in aromatic hydrocarbons and many esters. 

When the polymerization is carried out at too high a temperature a 
more brittle and less soluble product is produced. This product has less 
shock resistance and a lower transverse tensile strength than the polymer 
produced at moderate temperatures. 

Styrene may be polymerized to give polymers of very high molec¬ 
ular weight (p. 741), and the nature of the catalyst, the temperature, 
the solvent, etc., affect the nature of the polymer. It is generally 
believed that the activated molecules react by a chain mechanism with 
unactivatcd molecules to build up the long-chain polymer. Hence, if 
many active centers arc formed, the unactivated monomer will be 
divided between all of them and the chain length of the polymer will 
not be great. With fewer active centers and slower growth of polymer 
chains the vcry-high-molccular-weight products result. Staudinger and 
Frost 121 made some of the first kinetic studies on polymerization by 
following the rate of change of styrene to polystyrene by bromine 
titration. 

Considerable work on the structure of polystyrene has appeared. 
Staudinger and Stcinhofcr ,a used pyrolytic methods to degrade poly¬ 
styrene and isolated such products as 2,4-diphenyl-1-butene (II), 1,3- 
diphenylpropane (III), 2,4,G-triphenyl-l-hexene (IV), 1,3,5-triphenyl- 


CIl2=CCII 2 CIl2 

I I 

Cells C 6 IIs 

II 


cii 2 cii 2 ch 2 

I I 

Cells Cells 


ill 


ch 2 =cch 2 chch 2 ch 2 

I I I 

CeHs Cells Cells 
iv 


pentane (V), and 1,3,5-triphenylbcnzcnc (VI), all of which are consistent 
with the notion that polystyrene is a long chaiu of molecules having 
phenyl groups on alternate carbon atoms (VII). 


m Simon, Ann., 31. 265 (1839). 

1,0 Staudinger, Brunner, Frey, Garbsch, Signer, and Wchrli. Bcr., 62, 241 (1929). 
111 Staudinger and Frost, Ber., 68, 2351 (1935). 
in Staudinger nnd Stcinhofcr, Anti., 617, 35 (1935). 
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Midgley Henne, and Leicester'* have isolated 1.4-diphenylbutane 
ax) by the action of sodium and alcohol on styrene and have accord- 
• i y ,rrcrp tofl structure VIII for the recurring unit in polystyrenes. 
H g ™nnkely^Wvever, that such a ■■head-to-head, tai.-to-tail" type 
of structure could yield the pyrolytic products winch have been char- 

aCt ^Vbry recently it has been suggested ■=• that polystyrene chains have 
some methyl side chains (X). This means that some shrft of hydrogen 
has occurred during the polyiuemaUon. 
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Staudinger has suggested that the end groups on a 

w°ydifficult ^o^^rt, 0 and*"hough't^sc enT groups seem reasonable, 
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“C”?. to polystyrene nroleen.e in.y inere*. 
• , , • u, whon nlaced in fresh monomeric styrene under the 

in molccu *[. * Thls would indicate a terminal double bond, which 

SXr bneacSted to combine with more styrene or could be 

” Kro^^n^^^no^^iOIilt^Iwtlins'ot S«. Loui. 

Mi ^H i ;u A Uund 1 Ad'kin., /. Am. Oun,. 6S. .009 (W33). 
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captured by new growing chains of polystyrene, thus giving rather 
complex branched structures. Such branched structures have marked 
effects on viscosity. 

Thermal polymerization of styrene may also be carried out in solu¬ 
tion. The general effect is a slowing down of the reaction and a decrease 
in the degree of the polymer. 126 The exact nature of the change, how¬ 
ever, seems to vary with the solvent. Extended studies of the effects 
have been carried out by Suess 127 and by Schulz. 128 

Carbon tetrachloride shows a decided ability to depress the average 
degree of the polymer. 127 It may be that the role of this solvent is 
more than that of a simple diluent, inasmuch as it has been reported that 
polystyrenes prepared in carbon tetrachloride are halogen-containing, 
and that the amount of chlorine is rouglily that required for one carbon 
tetrachloride per polystyrene molecule. 128 Benzene and toluene, on the 
other hand, seem to depress the degree much less effectively than the 
other solvents. 

The properties of the polystyrene molecule are dependent not only 
on its chemical nature but also on the size and shape of the molecule. 
It has been suggested that at least in solution the molecule takes the 
form of a long rod. Such solutions are apparently true solutions in that 
the polystyrene is molecularly dispersed in a solvated form. The eucol- 
loidal solutions, for example, show no change in viscosity on long stand¬ 
ing or shaking or after operations such as successive dilutions and con¬ 
centrations. 130 It is quite possible, however, to degrade the molecules 
in solution and hence lower the viscosity. Thermal treatments, if pro¬ 
longed, and especially if carried out at moderate temperatures, result in 
a molecular degradation. 131 Mechanical treatments will accomplish the 
same end. Polystyrene solutions agitated in a ball mill show a contin¬ 
uous decrease in molecular weight with increasing duration of treatment. 
Forcing tetralin solutions through a platinum orifice under conditions 
leading to a high degree of turbulent streaming also decreases the molec¬ 
ular weight. 132 It is possible that the rodlike shape of the molecule 
contributes to the ease of shear of the structure. 

If a polymerization of styrene is carried out in an emulsion of sodium 

m Brcitcnbach nnd Rudorfcr. MonaUh., 70. 37 (1937); Jorde, ibid., 70, 193 (1937). 

1,7 (a) Sues*. Pilch, and Rudorfcr. Z. physik. Chem., A179, 3G1 (1937); Ocslcrr. Chcm.- 
Zlg.. 40. 287 (1937); (6) Suess and Springer. Z. physik. t hem., A181. 81 (1937). 

1,5 (u) Schulz and Huscmann. Z. physik. Chcm., B36, 184 (1937); (6) Schulz, Ding- 
linger, and Iluscmunn, ibid., B43. 3S5 (1939). 

1:9 Brcitcnbach. Springer, and Abruhamczik, Oestcrr. Chcm.-Zlg., 41, 182 (193S); 
Brcitcnbach nnd Muschin, Z. physik. Chcm., A187, 175 (1940). 

1,0 Staudingcr nnd Frey. Bcr.. 62. 2909 (1929). 

,3 ‘ Staudingcr. Frey. Garbsch. nnd Wehrli. Bcr., 62. 2912 (1929). 

1,1 Staudingcr and Heuor, Bcr., 67. 1159 (1934). 
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I rpyilt is *) latcxlikc suspension in which the molecules appear 

vUcositv law, based on the assumption 
1 b I’ . . f : obeyed The polymer may be precipitated, how- 
IrtTa^u^r istbtatd from latex, and after drying and dis¬ 
solving in benzene the usual abnormal viscosity, characteristic of a rod 
shapefappears. 1 " This demonstrates the influence of the medium on 

forms' the' basis for Staudingors relation between the x-.scos.ty of such 
solutions and the molecular weight of the dissolved material. 

M - £ X ^ 

, n MU.. —-j-t ttZZA MS 

SiarJssasi;*?! 
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the number of monomeric units in the polymer and C Is the concentra- 

necessity be an axerage ^ fa However, the utility of 

of estimating mcleeular « ^ Jn practice> especially 

Staudingcr s viscosity m Jcmons trated that the osmotic-pressure 

xvit^^ly^Uo beXfcTto "deld molecular-weight values- To 
method may also be a I , u . 0 essary to use a polymer fraction of a 
obtain significant , ran( , c . These values are in aceord- 

rea-sonably narrow ™ ' , f ,, thc usc „f th c,.It racent rifuge «* 
ance with the ^ determination of the value of the constant 

hr "staudingcr'^formula.This constant is then useful over neighbor¬ 
ing ranges of molwular weights. ^ ncuun(crcd in the U se of viscosity 

OccasioMly ^oiccu,ar abnormal, especially under 

certain^ circumstances, such as high-temperature polymerizations. Hus 

z - '*•**■ . . 

A176. 317 (1930). , _ ., 0G ( in 3G ». 

»*• Signer. Tran*. Faraday J*-**- 1 B4 , 47 (193 0) 
m Schulz and Dinglinger. Z . pkytk. Oum.. B43. 47 (1939). 
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may be due to the introduction of a small degree of branching in the 
molecular structure. It has been suggested 134 * that this is due to 
an infrequent activation in the para position, with consequent chain 
branching. It is also possible that the branching occurs in the 
fashion previously noted; that is, that a large styrene molecule is incor¬ 
porated in a growing chain through its terminal double bond. In thermal 
polymerization an increase in temperature increases the gross rate of 
reaction and decreases the chain length of the molecule, and both these 
effects contribute to an increase in the concentration of double bonds at 
any particular time during the polymerization. This, coupled with the 
general activating influence of a temperature rise, may explain the 
observed effects. A confirmation of the existence of some ramification 
in polystyrene molecules has been obtained by Signer 137 from studies of 
the streaming double refraction of polystyrene solutions. 

The introduction of cross-linking into the molecule leads gradually 
to polymeric products with decreased solubilities. It was observed in 
some of the earlier work on polystyrenes that some preparations from 
industrial styrene were harder and less soluble than others. Investi¬ 
gations of the starting materials revealed the presence of small amounts 
of divinylbenzenc (XII) in the styrene. Divinylbenzene itself is cap¬ 
able of polymerization 138 to form a structure such as that illustrated by 
formula XIII. As would be expected from this type of structure, the 
molecule presents a three-dimensional aspect and is hard and insoluble. 



CH—CUs 


XII 



—CII—Oils— CH—CH*— CH—CH*—CH—CH*— 



xiii 


137 Signer, licit. Chim. Acta. 19. S97 (1936). 

*** Lcspicnu and Deluchat, Compt. rend., 190, 6S3 (1930). 
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It was found that the introduction of as little as 0.01 per cent of 
divinylbenzene in styrene affected the character of the resulting poly¬ 
mer 138 It became, of course, harder and less soluble An increase m 
the divinylbenzene content to about 0.1 per cent resulted in a product 
which still swelled on contact with solvents such as benzene but which 
was almost completely insoluble. With more than 1 per cent of divm> 1- 
benzene the polymer was a hard glass, imperious to soUents. 

The insoluble polystyrene is very similar in appearance to the ordi¬ 
nary soluble styrene polymer, and is of the same genenil chcmical struc- 
turT except that the linear polystyrene molecules arc bound toother 
at more or less infrequent intervals by divinylbenzene units. This is 

illustrated in XIV: 



hv varvinc the relative amounts of the two 
, ThC , by Staudinger." 0 Only a very 

molecular spe divinylbenzene is sufficient to bring about a non- 

sma . COnCC " f. t ‘° n but Is tto concentration is lowered the polymer 
gradually 1 takra'on a sw effing character and becomes partially solub^ 
Wkh stUl lower amounts of divinylbenzene, ... the neighborhood of 

w the* nolvmcr becomes soluble, but the viscosity 

F- • 0.0025 

divinylbenzene polymer obtained at 100° displayed an v.„C \alue of 
41 6 as compared with the value 21.5, taken under the same conditions, 

■» Standing and Honor. Be,.. 67. .104 (.934); Standing and Hu.on.ann, B r r„ 
"■ o* Slaudfngcr. Honor, and Hu«mann, Tran.. Faraway Sec.. 32. 323 (1930). 
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for a polystyrene also obtained at 100°. In general, although no fixed 
relation exists, increasing the chain length of the polystyrene molecule 
decreases the amount of divinylbenzene required for inducing swelling 
without solution. 

It has been found that, varying with the conditions, one molecule 
of divinylbenzene for every 10,000-50,000 molecules of styrene is suffi¬ 
cient to induce a marked effect. This corresponds to less than one 
molecule of divinylbenzene to every polystyrene molecule, so that 
something besides a purely integral valence bonding is effective in pre¬ 
venting solution. Observations of solubility phenomena displayed by 
polystyrenes of the very low-divinylbenzene-content variety show that 
they are slowly attacked by the solvent, and that very gradually a sort of 
extraction takes place and some linear polystyrenes of the normal type 
find their way into solution. It is apparent, therefore, that some sort 
of “netting effect” is present; possibly the cross-linked molecules are 
intertwined with some of the linear molecules and hence hold them fast. 

Compounds fitting the character of divinylbenzene in this particular 
instance have been referred to generally as netting agents. Obviously, 
they must contain at least two double bonds capable of incorporation 
into the chain. In an extended investigation involving styrene and a 
number of other monomers, Norrish and Brookman 141 have found a 
number of such agents, which in decreasing order of effectiveness are 
divinylacctylcne, divinylsulfide, divinylsulfone, and hexatriene. Those 
which are relatively ineffective arc divinylether, divinylsulfoxide, diall.vl, 
and isoprene. Many other examples of such compounds and their appli¬ 
cations are appearing in the patent literature. 


Acrylic Acid Derivatives. Acrylic acid was discovered in 1843, 142 
and the properties of its polymer were described in 1872. 143 The 
Q-methylacrylic acid derivatives were discovered in 1865, 144 and the fact 
that they wouid polymerize was recognized by Fit tig and Paul in 
1877. ,4j '1 he technical development in this field apparently dates back 
to the researches of Otto Rohm. 146 Methyl methacrylate polymers have 
been in commercial production in the United States since about 1937. 


Ihe large-scale manufacture of the acrylate polymers is based on 
cheap production of the monomeric esters. The reaction between 


141 Norrish and Hrooknmn. Proc. Roy. Soc. (London). A163, 205 (1937). 

141 Redtcnbacher. yl/.n., 47. 113 (1S-13). 

,4a Linncinunn, Ann., 163. 309 (1S72). 

144 Fronklund und Duppa. Ann., 136. 12 (18G5). 

145 Fittig and Paul. Ann., 188. 52 (1S77). 

148 O. Rohm. "L’bcr Polymerization Produkte der Akrylsaure." Dissertation. Tubin¬ 
gen (1901); v. Pechmann and Rohm. Der., 34. 427 (1901); Rohm, Her., 34. 573 (1901); 
Rohm, German patent. 202,707 (1912); U. S. patent. 1.121.134 (1914); German patent. 
295.340 (1915). 
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ethylene chlorohydrin and sodium cyanide- gives ^hydroxypropio- 
H0CH 2 CH 2 C1 + NaCN -» HOCHjCHiCN + NaCl 


CH; 


R0H/ BiS 0 « 

=chco*r 




CH*—CHCN 


nitrile which on dehydration yields acrylonitrile CH 2 =CHCN; on 

the most important ester of this type. CHtf-c—C 0,H 
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, * . nn A mfthicr viatcs arc readily polymerized under the 
The acryla a peroxides." 9 Benzoyl peroxide is one of the 

influence of heat, M>‘.■ « 1 ■ will ca , n lyzc the polymerization 

most common of t\he cal* >.. ^ ^ ^ in hibitor. The acrylate poly- 
although an cxc ‘~ , ;, carl)on chains with ester groups on alter- 

” "S.r.rr 

is also on the < " l,b ^ d a ^ U jX > residue although this is not definitely 
may be hydrogci ^ q|i lhc kincl i« of these polymerization 

reacUomftndicates that one end group may come from the peroxide 

used as a catalyst (p. ' 75). 

H—rClI-CH—CH*CH-1 C1I=CH 

COsCHsJ. 
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..a A.-C.. ° 9,9,; 57,,M “ 928,: 

U - • U#34,i4,MW l,9S4 ’ 
u. Kolun and H«« A.-G-. Bntt«h patent. 304.681 (IJ30). 



752 


ORGANIC CHEMISTRY 


In keeping with this structure (V), polymethyl methacrylate may 
be degraded by heat to dimeric and trimeric products. 160 Polymethyl 
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acrylate can be hydrolyzed with alkali to give the salt of a polymeric 
acid; it reacts with methylmagnesium iodide to give a polyalcohol; on 
heating with ammonia it yields amides and imides. Polymethyl metha¬ 
crylate docs not undergo these transformations because of steric hin¬ 
drance. 

The polymers vary in molecular weight, depending on the conditions 
under which they are prepared, but the commercial products are in the 
neighborhood of 40,000. The polyesters are insoluble in water, alcohol, 
and aliphatic hydrocarbons. Ethers act as swelling agents rather than 
as solvents. Aromatic hydrocarbons, ketones, esters, chloroform, sym- 
tetrachlorocthane, and some other active hydrogen compounds arc good 
solvents. Polyacrylic acid is slowly soluble in water. Its alkali salts 
are readily water-soluble. Polyacrylonitrile is highly insoluble in all 
common solvents. This is probably because of a cross-linked structure 
due to hydrogen bonding between the active methylene hydrogen of one 
chain and the nitrile group of another. It has been shown that a 1,3- 
dicyanide such as trimcthylene cyanide is highly associated 161 by such 
forces. 

The methyl methacrylate polymers are marketed under such trade 
names as “Plexiglas,” “Crystalite,” and “Lucite.” The products are 
light in weight, tough, and clastic. They have good optical trans- 
parency, arc stable to light, and are permanently thermoplastic. The 
sheet material is widely used in airplane manufacture. The powdered 
material is used for molding toilet articles, lenses, furniture, etc. 

Some patents 162 have been granted for modified acrylate polymers 
which are harder and hence more suitable for the manufacture of 
spectacle lenses. This hardening Ls achieved by the addition of agents 
which cause some cross-linking. Methacrylic anhydride and ethylene 
methacrylate are types of reagents which have been suggested. These 
obviously act like divinylbenzene when mixed with styrene. 

,i0 Staudinger and Urcch, liclv. Chirn. Acta, 12. 1107 (1929); Staudinger and Kohl- 
schttttcr, Her., C4, 2091 (1931); Staudinger and TrommsdorfT. .-Inn.. 602, 201 (1933). 

141 Copley. Zcllhoefer. and Marvel. J. Am. Chcm. Soc., 62. 227 (1940). 

,iJ Hill, British patent, 423.790 (1935); Kistlor and Barnes, U. S. patents, 2.1S9.733 
2,189.735 (1910). 
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The alkyl a-haloacrylates (VI) arc of theoretical interest since they 
apparently give polymer (VII) which have the units arranged in a 


CHs=CCl 


COjCHj 

VI 




CII=CC1 


-CClCH-l— 


COiCHs CO*CH 
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3. 


head-to-hcad, tail-to-tail fash,on rather than head-to-tal, as is the 
common arrangement of monomer units in a polymer chain The fact 
that these polymers have halogens on adjacent carbon atoms is sho«n 
bv their liberating iodine from solutions of potassium iodide in peioxide- 
free d'oxane solution - Other reactions and physical property cor¬ 
roborate this evidence for the unusual arrangement of monomer units 

^ chloride (II) are the most 

impoHant of the vinyl esters which readily yield polymeric products. 

CIIs—C1IOCOCIJ, CHs—CUCl 
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lions of high d^ about 84-87 ,H-r cent of the chlorine content 

chloride m0 ^' C d U, ‘' lc l ^“ ai | lil , ( , polymer is soluble, indicating that 

^crT-linStas I!ln^a Tremoval of chlorine. F.ory has 
no cross Ini g „ chlorine would be removed from 

rSSSS ciloride ha^ng halogen in the 3-positions (III) if the 
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... Marvol and Cowan. J. tn. Chen. Snc. 61. 3156 (1039). 

IM Buumann. Ann., 163. 30H (1&7-). . ojn /iqio\ 

» °6,1 UOOT).' Z a.- 'Van. **. 63. S03 ,1010,. and Si.a 

ibid., 63. 1479 (1941). 
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removal follows statistical laws. The fact that not all the halogen is 
removed is due to isolation of chlorine atoms between reacting pairs. 
Similar statistical calculations lead to the conclusion that only 81.60 
per cent of the chlorine should be removable by the zinc reaction in a 
perfectly random arrangement of vinyl chloride units in the polymer 
chain. Hence, the evidence available indicates that all the vinyl 
chloride units in the polymer chain are arranged in a head-to-tail 
fashion. 

Commercial polyvinyl chloride is a high-melting, rather insoluble 
polymer. It can be softened by the addition of tricresyl phosphate, 169 
and the polymer thus plasticized, sold under the trade name of “Koro- 
seal,” finds many uses as a substitute for rubber. 

Polyvinyl chloride has a tendency to darken on exposure to sun¬ 
light, and this has been attributed to the loss of hydrogen chloride. 
This seems to be a sound explanation of the formation of color. It will 
be noted that loss of one hydrogen chloride molecule will make the 
adjacent chlorine an allyl chloride (IV), which will be even more likely 
to react again than will an isolated chlorine atom. Hence, polyene 
chains (V) which are highly colored will be set up whenever hydrogen 
chloride is lost. Certain stabilizers are used technically to avoid these 
reactions. 
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Polyvinylidene chloride (VI) was first systematically studied by 
Staudinger and Feisst 160 and the structure established as a head-to-tail 

—CHjCClz—CH 2 CCl2—CH 2 CC1 t— 
vi 


polymer. The product is now in commercial production in this country 
and is marketed under the trade name of “Saran.” 

Polyvinyl acetate has been studied by several investigators. Herr¬ 
mann 161 and Staudinger ,K were among the first to describe accurately 

149 Brows and Scmou, InJ. Eng. Client., 27. GG7 (1935); Schoenfcld, Browne, and Brous. 
ibid., 31. <JG4 (1039). 

180 Staudinger and Feisst. Heir. Chim. Ada, 13. 832 (1930). 

161 Herrmann and llachnel, Bcr., 60. 1G5S (1927). 

181 Staudinger. Frey, and Starck. Ber.. 60. 1782 (1927); Staudinger and Schwalbach 
Ann., 488. 8 (1931); Staudinger. Bcr., 69. 3019 (1926). 
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the reactions and properties of this polymer. The ordinary polymer 
has a molecular weight of approximately 20,000 although samples with a 
molecular weight of 80,000 have been obtained. The polymer us clear 
and colorless, and softens at 30-40°. It possesses good stability to light 
and heat, but its low softening point prevents its successful use as a 
molding compound. It is very soluble in alcohols, ketones, esters and 
even aromatic hydrocarbons and halogenated aliphatic hydrocarbons. 
When the polymerization is carried out in the presence of chloroform, 

the polymer contains chlorine. 

Hydrolysis of polyvinyl acetate (VII) can be readily accomplished 
to give water-soluble polyvinyl alcohol, (\ III). 

—CH-CH—CHsCII-- —CHaCHCHjCH— 

’l I I I . 

OCOCIIs OCOCllj OH OH 

vn vin 

Staudinger - recognized the usefulness of this reaction in his work 
on structure proof, lie reported that oxidation of_P°ly™ I■ 
with nitric acid gave oxalic and succinic acids. ‘ndicatcs he 

possibility of some head-to-head, ta.l-to-ta.l groups (IX) u> pol>Mn>l 

-CH—CHCHil — 

I 

Oil 

IX 

alcohol and hence also in polyvinyl acetate. A more recent study of 
polyvinyl alcohol - showed that no 1 , 2 -glycol structure was present 
since the polymer could not be oxidized by periodic ac.d, which is a 

specific oxidizing agent for this structural unit. 

Polyvinyl alcohol has been used to make oil-resistant tubing. Its 
principal application is in the manufacture of the acetals (X), which 

—CH»CHCH»CHCHiCHCH»CHCH»CH + He/ - 

I I I I I 11 

OH OH OH OH OH 

—CH*CHCH*CHCH*CHCH,CHCH 8 CH— 


lU-lwau, --o 

rCHsCH—CHCHtl - 

I 1 

OH OH Jn 


O O 

R 


I 

OH 


A o 

R 


Marvel and Venoon. J. (5) 1. 833 (1934); Floury 

Molaprado < ompi.rend. . 186 3 S2 1 Karrcr and Hirohata. Hrlv. Chim. Acta, 

and Fotoxno. J. pharm. cfc«m.. ' 

16. 969 (1933); Jackaon and Hudeon. J. Am. them. Soc., 69. 2049 (1937). 
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serve as the inner layer for safety glass. In the process of acetal forma¬ 
tion some of the hydroxyl groups become isolated just as chlorine atoms 
are isolated in the zinc dehalogenation of polyvinyl chloride. 158 These 
acetal resins are resistant to water, have excellent light resistance, adhere 
to glass, and have a high degree of elasticity. 

Miscellaneous Vinyl Polymers. Methyl vinyl ketone (I) and methyl 
isopropylidcne ketone (II) polymerize readily and have been under 

CH 8 

I 

CH2 =CHCOCHs CH*=C—coch, 

I II 

consideration as industrial plastics. The polymer of methyl vinyl 
ketone has been shown to have a hcad-to-tail or 1,5-diketone structure 
(III). 155 

—CHCH*CHCH,— 

i I 

CO CO 

I I 

CH* CH, 
iii 

Vinyl ether (IV) and divinyl ether (V) have been used to some extent 
but mainly as constituents of copolymers (p. 757). Vinylcarbazole 166 

CIl2=CHOCII 3 CHs=CHOCH=CH, 

iv v 

(VI) has been patented, as have many other arylated vinyl types. The 
coumnronc (VII) and indene (VIII) polymers have received consider- 



CII=CII 2 


VI VII VIII 

able study and have attained some practical importance. 167 

m Marvel and I cvcsque. J. Am. Chcm. Sac.. 60. 2S0 (193S); 61. 3234 (1939). 

,M Repp© and Ivey saner. German patent. G1S.120 (1934). 

147 Stobbc and Ftirbcr. Iicr.. 67. 183S (1924); Whitby and Katz. J. Am. Chcm. Sec.. 
60. 1100 (192S); l»isi and Gnuvin. Can. J. Research, 13B. 228 (1935); Bergmnnn and 
Taubndcl, Her., 66B, 4G3 (1932); Sheehan. Kelly and Carmody, Ind. Eng. Chcm., 29 . 576 
(1937); Curinody. Sheehan, and Kelly, ibid., 30 . 245 (1938); Carmody, ibid., 32 . 625 
(1940). 
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Copolymers 

When two different vinyl derivatives are mixed in the monomeric 
state and then polymerized, there is often produced a mixture of copoly- 
mors which contain both the monomeric units in simple chains. The 
technical development in this field is far ahead of the scientific litera¬ 
ture Not every pair of vinyl monomers can be converted to a copoly¬ 
mer and there are some monomeric ethylenic derivatives which will 
enter into copolymers but will not themselves polymerize. 

Perhaps the best-known group of copolymers are the \ inylitcs, 
which contain different ratios of vinyl chloride and vinyl acetate. It is 
an interesting fact that vinyl acetate alone polymerizes more rapidly 
than vinyl chloride; however, when the two monomers are mixed and 
then polymerization is effected, the polymer first formed is richer in 
vinyl chloride than is the mixture of monomers from which the polymer 
is formed 168 Since the two monomers do not enter the polymer chain 
at the same rate, there probably is a difference in composition in each 
polymer chain that is laid down duo to the change in concentration of 
the monomers in the unpolymerized fraction. 1 Ins fact is not stated 
specifically in the literature, but a hint of it is given m a patent by 
the suggestion that more uniform copolymers can be obtained by 
adding one component gradually to the polymerizing mixture 

Styrene and maleic anhydride form a heteropolymer *' >•« The most 
readily produced polymer contains one styrene unit for each maleic 
anhydride unit arranged in a systematic fashion. A polymer containing 
more than one molecule of styrene for each molecule of maleic anhydride 
can be produced, but it is not certain that this is not a mixture of poly¬ 
styrene and the copolymer with a 1:1 ratio of the monomer. 

A study has been made of the copolymers of methyl methacrylate 
and butadiene 1!1 prepared from equivalent quantities of the monomers 
by the emulsion technique. Ozonization of the polymer (I) gave the 
monomethyl ester of a tribasic acid (II) ... about 50 per cent yields. 

CII| 9 11 * 

—CH,CH=CIICII,AciI,CHaCII-=CIICn^- IlOjCCIIjCCIIjCIIaCOall 

ioaCIIa COjCH, 

I 11 

... Staudingcr and Schneider.. ,lnn.. 641. 151 (1039); Marvel and Jonc. unpublished 
data- eco Wall. J. Am. Chcm. 63. 821. 18G2 (1911). 

io Fikentooher und Ucngatenbcrg. U. S. patent. 2.100.900 (1937). 

no Vo*, und Dickhftuaer. U. S. patent. 2.047.398 (1930); llopff. KuntMojTc. 28. LSS 

<19 m 'HUl. Lewi., and Simon»cn. Tran.. Fa,ada.j S^.. 36. 1007. 1073 (1939,. 
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This proved that this copolymer is mainly made up of the two monomers 
occurring alternately in the chain. Some dimethyl ester of a tetrabasic 
acid was also formed and isolated as the tetramethyl ester (III or IV). 


CH, CH, 

HaCOjCCHjicHj-(IjCHiCHjCOaCH* 

io,CHa io,CHa 


III 


CH, CHa 

H,COaCCHaicH,CH,(bCH,CO,CH, 
io,CH, io,CH, 

IV 


While the exact structure of this tetrabasic acid was not determined, the 
isolation of a product of this composition shows that some of the mono¬ 
meric units are joined in an irregular fashion, as seems to be true for 
the “Vinylites.” 

Melville 171 has described the preparation of some interesting copoly¬ 
mers. A vessel was filled with the vapor of a polymerizable monomer 
and irradiated to start polymerization. When the polymerization was 
well under way, as indicated by a pressure drop, the monomer was 
removed by evacuation and a new gaseous monomer added. The poly¬ 
merization continued at once, and presumably the new monomer became 
a part of the same polymer chain started by the first monomer. By 
changing from one monomer to another several times, Melville believed 
he had molecules such as shown below (V). 


I 

A 


: ’CHjCH" 

1 


ch 2 ch 

1 

rCII 2 CH" 

1 


1 

A 

* 

1 

B J v 

1 

A 

X 


CH*CH — 

I 

B \y 


No study of the properties of these “molecular sandwiches” has yet 
been made. 

This section on copolymers is of necessity incomplete, as most of the 
work in this field has been done in the technical laboratories and pub¬ 
lished only in patents. Hence, it is difficult to locate and evaluate the 
available information. 

Dienes 

The polymerization of a conjugated diene (I) is a special case of 
addition polymerization. Two possible reactions may be involved in 
the formation of the polymer, 1,2-addition (II) or 1,4-addition (III). In 
nature the diene polymer, rubber, has the units arranged regularly 
head-to-tail and 1,4. 173 When an attempt is made to po^Tnerize but- 

m Melville, Trans. Inst. Rubber Ind., 15, 209 (1939). 

17S Pummeror. Kautschuk. 10. 149 (1934) ; Rubber Chem. Tech.. 8. 39 (1935). 
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adiene in the laboratory, the product appear to be made up of some 
1,2-unions and many 1,4-unions in the same chain (I\ ). In a sense thi> 


CH—CH—CH«=*CHt 
1 


CHsCHCHsCH— 

I I 

CH CH 


CH* CH- 

—CH-—CH=CH—CH-—CH. C1I=CH CII-. 

Ill 1.4 

_CH*_CH—=*CH—Cl Is—CH*—C H—CH j CH*CH CH r 

CH 


CHt 

IV 

is related to copolymerization, and the numbers of 1,2- and 1,4- recurring 

bv the rates of the two polymerization reactions. 

by , 

. polymerisation moction to »W1. the «do-ehn„, vinyl 

*XSSfflS«. Tto to~*.ti°<. to .to diet* Sold hav, boa. 

very^xtensive because of the search for u cheap syntl.ct.c rubber. The 
vcr> exu has bcon done has been closely connected 

natural "rubber bcca.ne available again tins synthetic product was 
abandoned. C U—C -C—CH, 

1 I 

Cll» Cll, 

V 

With the increase in the price of crude rubber which began in 1925 

and lasted long enough to impress many industrial chemical corpora- 
and las 8 wilh value of u good synthetic rubber, a 

“nTw^tot^rir^to,,, dovdopod. The prion o, rubber ,he„ 
declined, however, and only a few companies continued extensive re¬ 
search programs. Rubber continued to drop m price, reaching very lo 
levels in 1952-1933 (less than $9.05 per pound for ribbed smoked sheets) 
and then advanced again slowly. In June, 1940, the price of ribbed 
smoked sheets was about $0.22-0.23 per pound. During this tune the 
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du Pont Company was engaged in the process for producing “Duprene,” 
later called “Neoprene,” from chloroprene or 2-chlorobutadiene (VI). 

Cl 

I 

ch 2 =c—ch=ch 2 

VI 

The resulting product was rather costly, especially at first ( ca . $1.00 
per pound in 1935-1936), but fortunately it is greatly superior to 
natural rubber in some respects, especially in its resistance to the action 
of hydrocarbon solvents. It has therefore found continuous use and 
the price has dropped to lower levels. 

In Germany a great deal of interest has been shown in the rubber 
problem over the last ten years, as evidenced by the number of patent 
applications and the present development of the industry in that country. 
Synthetic rubbers have been in production for some time. These were 
originally prepared from butadiene (I) by the action of sodium and 
were known as “Buna” rubbers. Lately several new modifications, such 
ns “Buna N” and “Buna S,” have appeared. These are outstanding 
improvements and are copolymers of butadiene with acrylonitrile and 
styrene, respectively. 

Other important synthetic rubbers which have appeared recently in 
this country arc “Amcripol,” “Butyl Rubber,” “Koroseal,” “Chemi- 
gum,” “Hy-Car,” polyisobutylcnc, and “Thiokol.” Amcripol, Hy-Car, 
Chemi-gum, and Butyl Rubber have not been described in detail in the 
literature, but they arc probably copolymers of which one constituent 
is butadiene. Koroseal, Thiokol, and polyisobutylcne have been 
described in earlier sections. 

All these materials have slightly different characteristics which 
influence their use, but all have the same objective: the replacement of 
natural rubber as a major commodity. It seems likely that the future 
development in this field will not be directed to the production of a 
single material which will serve as a substitute for natural rubber in all 
its manifold uses, but rather that a number of different polymers of a 
wide range of properties will be manufactured, and that within any 
particular field there will be available a product which is better or cheaper 
than natural rubber. The tire industry, of course, serves ns the largest 
rubber consumer in all industrial countries (the consumption in this 
country is estimated at about two-thirds of the total rubber importa¬ 
tion) and hence will be the scene of the greatest competition. The whole 
field is not a small one; rubber consumption in the United States for the 
month of May, 1940, was estimated at 51,619 long tons. One of the 
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most fruitful of research avenues seems to be the study of copolymen- 
zation, although the mode of processing plays such an important role 
that studies of the polymerization proper and the technical utilization 
of the preliminary product are inseparable. 

It will be noticed that a rather curious event has occurred in the 
course of the development of synthetic rubbers. Unvulcanized natural 
rubber is an isoprene polymer (VII) and as such consists of a hydro- 

—CH 5 —D=»CH—CII-— 

I 

CH, 

VII 




carbon chain containing about one double bond for every five carbon 
atoms. It was therefore thought, very naturally, that rubbcrl.ke prop- 
erties wore dependent on exactly this type of structure, and that only a 
diene polymer would approach natural rubber in its qualities. But it 
now appears that something besides the diene polymer structure is 
concerned with these properties, since the substitutes polyisobutylcne. 
Koroseal, and Thiokol are not derived from dienes. The length of the 
molecule is undoubtedly of great importance. 

Another factor must lx- considered in these studies. Rubber as 
precipitated from latex is very different in its properties from the tough 
clastic material which is usually the desired form. Yulcamza ion and 
the incorporation of certain materials such as zinc oxide andcarbon 
black are corollaries to the development of the finished product. The 
changes in structure which occur during the vulcanization procedure are 
generally taken to be the creation of cross-links between the molecules 
by means of sulfur bridges set up at the u,.saturated bonds Ih.s 
means that some variety of cross-linking seems to be necessary for the 
full development of a good rubber, and that for a normal vulcanization 

some unsat urut ion must bo present. . 

The arrangement of the molecules also seems to be highly important. 
It is apparently essential that the linear molecules of the polymer be 
aligned in the same fashion, side by side, for the full development of 
elastic properties. In rubber this is carried out by natural forces. In 
the synthetic materials a sort of mechanical vulcanization may often 
be observed. Suitable working of the polymer leads to an alignment 
of the molecules and consequently to elasticity. 

All the industries using large quantities of rubber as a raw material 
have been continuously engaged in research directed to the production 
of better and more useful articles. The design of the finished product 
and the technological features of its manufacture are of necessity based 
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on the assumption that natural rubber will be the starting point, and 
consequently they must take full cognizance of the strength and weak¬ 
nesses of rubber. The new materials may surpass rubber in many 
respects and yet be inferior in others, or at least possess some different 
qualities, so that much technological research will be required if full 
advantage is to be taken of these synthetic materials. 

The question of finished cost, balanced against the ability of the 
product to do the work for which it was designed, must play an impor¬ 
tant part in the scheme of development. Eas}' production of a monomer 
in the laboratory does not guarantee its success in a commercial field. 
Any attempt to produce a synthetic rubber must be accompanied by a 
method of producing the monomer at a low cost. For a long while this 
phase of the situation caused considerable difficulty. At the present 
time the new methods developed by the petroleum industry seem able to 
supply the starting materials at low cost and in tremendous volume. 
Butadiene and isobutylene may be produced easily, as may acetylene, 
which is the starting point for chloroprcne. It therefore seems probable 
that within a few years synthetic rubber will be fairly inexpensive. 

Polymerization of dienes by means of the alkali metals, especially 
sodium, is a well-known method. The use of sodium in this connection 
was noted 174 as early as 1910 in England. This reaction has been 
investigated extensively both academically and commcrciall}'. Ziegler 176 
has been especially identified with the study of alkali metals and alkali 
alkyls and their effect on dienes. This work was reviewed in 1936. 17 * It 
has been found that both 1,2- and 1,4-addition may occur, but that 
higher temperatures favor 1,4-addition. It is presumed that the alkali 
metal or alkali alkyl adds to the double bond to form an intermediate 
compound and that then this intermediate of the 1,4- or 1,2-type adds 
butadiene molecules stepwise. Lithium is especially useful for these 
studies. The alkali metal takes a position at the end of the chain after 
each addition and is then available for another addition. Schulz 177 has 
pointed out that some of Ziegler’s conditions arc not those which would 
obtain in a true polymerization reaction and that a slightly different 
interpretation is possible. With butadiene, for example, lithium may 
add at one of the double bonds: 

174 Matthews and Strange. British patent, 24,790 (1910). 

,Ti Ziegler and Bikhr. Iter., 61. 253 (192$); Ziegler. Croasmunn, Kleiner, and Schafer, 
Ann., 473. 1 (1920); Ziegler and Kleiner. Ann.. 473. 57 (1929); Ziegler. Dcrsch, and Woll- 
tlmn. Ann.. 611. 13 (1934); Ziegler. Jakob. Wolltlian. and Wenz. .-Inn., 611. G4 (1934); 
Ziegler. Grimm, and Wilier. Ann., 542. 90 (1940). 

174 Ziegler. Angctc. Chun.. 49. 499 (1930). 

177 Schulz. Erg.b. exakt. Nalurir.. 17. 3G7 (193S). See also Houwink "Chomio und 
Technologic dcr Kunststoffe." Akud. Verlags. Leipzig (1939). 
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LiCH s CH=CHCHr 
/ viii \ 


LiCII:CII=CIICIIjLi 

IX 


CH*=CH—CH=OH; 

LiCHaCH=CHCHjCH;CH—CHCHr 

x 


The next reaction will he dependent on the relative concentrations 
of lithium and butadiene. If the lithium is present in large amounts, 
then IX will be formed in considerable amount. The intermediate Mil 
may also add butadiene to form X, which is then faced with the same 
alternatives as the original compound (VIII). The lithium is therefore 
both a chain initiator and a chain terminator, and the lower the con¬ 
centration of the monomer, the lower will bo the average molecular 
weight of the product. The final products, however, will lx- the same 
whether the reaction proceeds chainwiso through a free radical mecha¬ 
nism or through a metal-alkyl addition of successive monomer units as 
suggested by Ziegler. 

That only comparatively small amounts of sodium are necessary 
for the polymerization has been a general observation. For example, 
an experiment utilizing only 0 . 001 - 0 .:, per cent sodium has been de¬ 
scribed >’• The sodium and butadiene are condensed together on a cold 
surface to obtain a fine dispersion of the sodium. Solid polymer* may 
be obtained in two to thirty-six hours at 10-15*. 

The kinetics of the reaction have been studied by Abkm and Med¬ 
vedev >’• for butadiene and sodium. These authors hold Ziegler’s view 
that two atoms of sodium add to butadiene, and that subsequent addition 
of butadiene occurs with the sodium atom continually mov.ng to the 
chain end to provide an active center. It was found that a primary 
period was observed during which the rate of polymerisation gradually 
increased until some definite value was reached, after wh.eh it became 
constant. This preliminary period is presumably due to the formation 
of primary sodium-butadiene compounds, and is very much slower than 
the rate of addition of butadiene to (hoc active points. A number of 
experimental difficulties were encountered during the course of the 
investigation, and it was found that the results were reproducible only 
when carefully purified butadiene was employed in the absence of 

oxygen and light. . , , , . 

For commercial polymerizations sodium has lx-cn employed in tIn¬ 
form of wire or rods and in a finely divided state as powder. Zinc rods 

m Zdmanov and Shnlnikov. J. Ph*. Ch.m. 4. 353 119331. See Boll,,ml 

Froc. Itoy. {London). A178. 24 (1041). tor it recent <li«ru«u»ii of the mcchanum of 

diene polymerization by metal catalysts. 

lT » Abkin and Mcdvedov. Trans. Faraday -W.. 32. 280 (1930). 
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dipped in sodium have also been used. An atmosphere of carbon 
dioxide was employed with the process for the production of “Methyl 
Rubber B” by the Badische Anilin und Soda-Fabrik. At the present 
time sodium polymerizates are still in commercial use. “Buna 85” of 
the I. G. Farbenindustrie A.-G., as well as “Buna 115,” are sodium- 
butadiene polymers. The Russian products “SK A” and “SK B” and 
the Polish “Ker” are also of the same type. The German rubbers are 
liquid-phase polymerizates prepared with finely divided sodium. 177 
Chloroprene cannot be polymerized by this method. 

Much of the synthetic rubber in commercial production today is 
polymerized in emulsion. The resulting latex is easy to handle, and the 
products are generally superior to those obtained in other fashions. 
Lower temperatures may be employed, and consequently the amount of 
low-molecular-weight polymers is decreased. The monomer is emulsi¬ 
fied in an aqueous solution with some agent as sodium oleate, linoleate, 
or stearate, or the sodium salt of certain sulfonic acids. The mixture is 
usually homogenized to increase the yield and the velocity of poly¬ 
merization. A protective colloid as gelatin, milk, albumin, glue, or a 
similar compound is often added. A catalyst containing loosely held 
oxygen is generally necessary to initiate the reaction, and compounds 
such as hydrogen peroxide, benzoyl peroxide, perborates, persulfates, 
percarbonatcs, ozonides, and metallic peroxides have been used. The 
organic or inorganic salts of metals such as cobalt, manganese, and lead 
have also been suggested. Certain halogen compounds such as tri¬ 
chloroacetic acid and carbon tetrachloride have been said to have an 
accelerating effect on the polymerization. 

Most of the current rubbers being made in Germany are copoly¬ 
mers. 180 “Buna 85” is now produced only in small quantity since its 
soft vuhanizntes arc considerably weaker than those of natural rubber 
or the '• •polymers. It has some advantage for use as a hard rubber. 
The pi tncipal mixed polymers employ styrene or acrylonitrile. “Buna 
S” is a styrene-butadiene copolymer prepared in aqueous emulsion. It 
is used generally for tires and mechanical rubber goods. Here a high 
degree of oil resistance is not demanded. In heat and abrasion resistance, 
it is said to be superior to natural rubber. It shows lower water absorp¬ 
tion and has aging properties superior to those of natural rubber, but 
its resistance to hydrocarbon solvents represents only a very slight 
improvement. A hot-air plasticizing treatment at 110-140° is usuall}' 
carried out on Buna S before vulcanization. A slight pressure is favor¬ 
able. The process softens the product and allows further processing in 
the same fashion as natural rubber. Oxygen is apparently necessary for 

«*° Koch, Ind. Eng. Chcm.. 32. 4G4 (1940). 
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this treatment, which seems to be an exothermic reaction, but no change 
in composition of the polymer has been detected. 

“Perbunan” (“Buna N”) and “Perbunan Extra" are prepared in an 
emulsion using butadiene and up to 40 per cent acrylonitrile. (The 
Extra grade contains more of the nitrile than the standard.) This poly¬ 
mer is not given a hot-air plasticizing treatment but is milled on cold 
rolls before processing. Its principal value lies in its resistance to hydro¬ 
carbon solvents, although it has been reported that excellent tires have 
been made from Buna N type polymers. The raw Perbunans are insolu¬ 
ble in gasoline and aliphatic hydrocarbons but arc soluble in aromatic 
and chlorinated hydrocarbons and, unlike natural rubber and Buna S. 
in ketones such as acetone and methyl ethyl ketone. The vulcanized 
products arc quite insoluble. Vulcanization of these materials is gener¬ 
ally very similar to that of natural rubber. 

Chloroprcne is also polymerized in an emulsion. The normal speed 
of polymerization of chloroprcne is much more rapid than that of 
isoprene, and apparently in emulsion form the rate is accelerated. 
Oxygen also acts as an accelerator. The outstanding properties of the 
finished product arc its resistance to combustion (because of the high 
chlorine content) and, most important, its resistance to swelling when in 
contact with organic liquids. It is also more resistant to oxidants than 

is vulcanized natural rubber. 

The development of the whole synthetic rubber field up to 19.W has 
been covered in an excellent fashion with great detail by W hitby and 
Katz.”' The situation to 1939 is reviewed by Konrad m Houwink s 

book. 177 

Polysulfones 

The addition of sulfur dioxide to an olefin or olefin derivative is a 
special ease of copolymerization and is also a case of hcteropolymori- 
zation since sulfur dioxide alone docs not polymerize. The reaction 
was discovered by Solonina,'* who described the addition products of 
this type from allyl alcohol and various allyl ethers. Matthews and 
Elder'” extended the reactions to the simple olefins from ethylene 
through amylenc and showed that the products had the composition 

(RCH=CHj-S0 2 )„. . , , • • , . , 

The field was investigated very actively beginning about 1934 when 
several investigators in various laboratories simultaneously took up a 
study of these products. Staudinger in 1932 '" and Seyer and King ■« in 

1,1 Whitby and Kutz. i bid.. 25. 1204. 1338 (1933). 

m Solonina. 7. Hum.. Phy.. C!*m. *c.. 1*. 300. Note 1 (1887) 30. 826 (1898). 

*•* Matthews and Elder. British patent. 11.035 (1914). 

1,4 Seyer eud King. 7. Am. Chtm. Soc.. 65. 3140 (1933). 
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1933 suggested that the addition compounds were polysulfones (I). Ex¬ 
perimental confirmation of this structure was furnished by the work of 
Frederick, Cogan, and Marvel 185 and Staudinger and Ritzenthaler. 186 

—(CH 2 CH 2 S0 2 )n— 

i 


The addition reaction runs smoothly for 1-olefins and their functional 
derivatives, 1-alkynes, and a few 2-olefins. 187 - 188 Mixtures of olefins 
and sulfur dioxide give complex copolymers. In most of the polymers 
the ratio of olefin or acetylene derivative to sulfur dioxide is one mole¬ 
cule to one molecule. Vinyl chloride, however, gives a polymer with 
two vinyl chloride units to one sulfur dioxide unit. 

The polysulfones all have the hcad-to-hcad, tail-to-tail structure 
(II) 189 as shown by the alkaline cleavage to the cyclic disulfone (III) and 


R HI 

— _<!rich,so,cH:Ahso, L— 
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R—CH—CIIj 
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SO, + CH*SO,CH a iuSO,Na 
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\ 

Oxidation 

R—CH—CH, 

\ «/ \ 


II—CII—CHj^ 


the salt of the sulfone sulfinic acid (IV) whose structures have been 
established by synthesis. The polymer chains usually end with hydro- 


,w Frederick, Cocan, ami Marvel, ibid.. 66. 1S15 (1931). 

Staudinger and Ri(senthaler, licr.. 68B, 455 (1935). 

•* 7 llyden and Marvel. J. Am. Chen. Soc.. 67. 2311 (1935): 68. 2047 (1936); Glavis. 
Rydcn, and Marvel, ibid.. 69. 707 (1937); Rydcn. Glavis. and Marvel, ibid.. 69. 1014 
(1937); Marvel. Davis, and Glavia. ibid.. 60. 1450 (193S); Marvel and Glavis. ibid.. 60, 
2022 (1938); Marvel and Sharkey, ibid.. 61. 1003 (1939): Marvel and Dunlap, ibid.. 61. 
2709 (1939). 

•"Snow and Frey. Ind. A*». E . Chcm.. 30. 17G (193S); Fitch. U. S. patent. 2.045.592 
(1930); Frey and Snow. U. S. patent. 2.112.9SC (1938); Frey. Fitch, and Snow. U. S. 
patent, 2,114.292 (193S); Frey and Bury, U. S. patent. 2,118,813 (193S); Snow, U. S. 
patent, 2.130.028 (1938): Frey and Snow. U. S. patent. 2.184.295 (1939); Frey. Fitch, 
and Snow. U. S. patent. 2.192.467 (1940); Frey. Snow, and Fitch. U- S. patent. 2.198.936, 
(19-10); Frey and Fitch. U. S. patent. 2.192.400 (1940'. 

*•» Hunt and Marvel. J. Am. Chcm. Soc.. 67. 1091 (1935). See also reference 187. 
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carbon units, as only in propylene polysulfonc is there evidence of an 
acid group in the molecule. Most of the polymers are alcohols, as they 
can be acylated with trichloroacetyl chloride. Hence the chain reaction 
apparently stops by the addition of the elements of water at the ends 
of the polymer chain. 

A large number of substances have been found to act as catalysts for 
the polymerization reaction. In addition to oxygen, peroxides, and 
actinic light, which usually cause addition polymerization reactions, it 
has been reported lM that nitrates, oxides of nitrogen, silver salts, and 
monovalent copper will catalyze polysulfonc formation. Kharasch and 
Sternfeld 1,1 have found that hydrogen chloride increases the activity of 
ascaridole as a catalyst and have been able to convert a trisubstitutod 
olefin, 2 -methyl- 2 -butene, to a polysulfonc by this method. 

The polysulfones are white, amorphous powders with relatively high 
melting points. They decompose at high temperatures to yield the 
original olefins or olefin derivatives and sulfur dioxide.'" They are 
cleaved by alkalies to .yield cyclic disulfones and other low-molecular- 
weight products. 

These polymers have rather high molecular weights, which usually 
fall in the range of 50,000 to 200.000 on the basis of end-group analysis 
and viscosity of solutions."’ They are soluble in various organic 
solvents if prepared from olefins with more than five carbon atoms. 

Aldehydes 

Aldehydes may polymerize to high-molecular-weight products in a 
number of fashions. The aldol condensation, for example, may be 
repeated successively with consequent formation of long-chain com¬ 
pounds. Formaldehyde may condense with itself to form the so-called 
formaldehyde sugars. The production of the polyoxymethylenes is, 
however, a different type of polymerization. 'I he properties of these 
latter materials have been studied extensively by Staudinger." 1 

Evaporation of an aqueous solution of formaldehyde results in the 
formation of paraformaldehyde. This is a fairly low-molecular-weight 
polymer, of degree probably up to about 50. A polymer of the same 
type but of somewhat higher degree, may lx- obtained by the addition 
of sulfuric acid. There are three possibilities for the mechanism of the 

polymerization. 

1. The condensation of formaldehyde molecules with a methylene 
glycol structure may occur as follows. 

no Fitch a „d Vrvy. U. s. patent. 2.113.5*4 (193H, ; U- S. pnlciil. 2.192.100 < 1040). 

••• Kharnttch and Sternfeld. J. Am. Chcm. Sot.. 62. 2559 (1940). 
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/OH xOCH*OH 

HCHO + H 2 0 —> CH^ + HCHO -* CH2 \ 0H + HCH0 


OCH 2 OCH 2 OH 

CH 2 + HCHO 

l 

OH 


OCH 2 OCH 2 • • • OCH 2 OH 

I 

ch 2 

I 

OH 


2. The condensation may proceed through a successive series of 
condensations of methylene glycol. 

HOCHjOH + HOCH 2 OH + • • • + HOCH 2 OH -> 

iioch 2 och 2 • • • OCH 2 OH + h 2 o 


3. The polymerization may proceed through the carbonyl bond, 
probably with the addition of water to satisfy the end groups. 

H 2 C=0 + H 2 C—0 + • • • + H 2 C=0 -> • • • CH 2 0CH 2 0CH 2 0CH 2 0 • • • 

The latter mode of polymerization seems attractive as an expla¬ 
nation for the very-long-chain polyoxymethylenes produced from liquid 
formaldehyde at low temperatures (-80°, -20°). These substances are 
generally glassy solids which become plastic when heated and can be 
drawn into fibers. The fibers lack the elasticity of the polyester and 
polyamide fibers, but the possibility of their formation seems to indicate 
a high molecular weight. There is probably no difference in chemical 
structure between the higher polyoxymethylenes and the lower para¬ 
formaldehydes. Sauter in has described the molecular structure to be 
inferred from molecular diffraction patterns. 

In the lower ranges several modified structures may exist. If 
methanol is present in the aqueous solution, the polyoxymethylene 
may have one or both end groups present as methoxyl instead of the 
dihydrate structure. 

HOCH 2 OCII 2 • • • OCH 2 OCH 3 
CH 3 OCH 2 OCH 2 • • • OCH 2 OCH 3 

These compounds contain up to about 100 oxymethylene units. Acetate 
end groups may also be introduced by acetylation. 

CH 3 COOCH 2 OCH 2 • • • OCH 2 OH 

CH 3 COOCH 2 OCH 2 • • • OCHoOCOCH, 

Sauter, Z. physik. Chcm., B21, 161, ISO (1933). 
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The dihydrate represents a hemiacctal structure and hence may 
be hydrolyzed by dilute acid or dilute alkali. The dimethyl ether 
is an acetal and is therefore stable to alkali, but may be hydrolyzed by 
acid. The diacetate may be decomposed by warm alkali and by dilute 
acid. 

As these compounds are of relatively low molecular weight, end- 
group studies may be used for molecular-weight determinations. Hydrol¬ 
ysis of the dimethyl ether with dilute hydrochloric acid, for example, 
liberates methanol which may be determined analytically. 

There also exists a compound, a-trioxymothylenc, which is appar¬ 
ently a trimer (I). An analogous compound is also presumed to exist 
for acetaldehyde (II). Mixed compounds of this variety from two 


cjr, 

o /X o 
I I 

HsC CH, 

N>/ 


CH, 

I 

CH 

/ \ 
o o 

I I 

H,C—CH CH—CH, 

N>/ 

ii 


moles of an aldehyde and one mole of chloral have been described by 
Hibbert.'” Thioformaldehyde polymerizes very rapidly when prepared 
and is believed to assume a linear thiomcthylcne structure analogous to 

the polyoxymethylencs. 

The polymerization of formaldehyde and acetaldehyde in the gaseous 
phase has been studiedand it was found that formic acid had a marked 
accelerating effect. The mechanism is presumed to be the following: a 
formic acid molecule condenses with a formaldehyde molecule leading 
to an intermediate which may then add formaldehyde successively to 
form a long-chain compound (III). It may also add formic acid at any 
point and form an intermediate having two available hydroxyl groups 
(IV), both of which are capable of initiating polyoxymethylene chains. 
Hence the formic acid has the effect not only of initiating chains but 
also of causing them to branch (V). The reaction probably stops when 
a formaldehyde molecule reacts with a hydroxyl group at the end of a 
chain with loss of water (VI). 

The higher aliphatic aldehydes undergo a very curious polymeri¬ 
zation under high pressures." 5 n-Butyraldehyde, n-valeraldehyde, and 

1,1 Hibbcrt. Gillespie, and Montonnn. J. Am. Chon. Soc., 50. 1050 (1928). 

>•» Camithers and Norrish. Trans. Farada V Soc.. 33. 195 (1936). 

m Conont and Potcraon. J - Am. Chcm. Soc.. 64. 028 (1932). 
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HCOOH + HCHO 


OCHtOH 

-* oc!;h + HCHO 


OCHjOCHjOH 0(CH,0)„CH,0H 

od)H — odra 

III 


HCOOH 


OH 

0(CH,0)*CH,0<!:H 


O^H 


in 


IV 


O(CH,0)„CH,OdH 

oiH N 

V 


(OCHj)nOCHjOH 


HCHO 


(OCHj)nOCHjOH ! 

0(CH,0)„CH s CH0 + HjO 

oiH 

VI 


7i-heptaldchydc arc transformed into hard, transparent solids by long 
treatment at 12,000 atmospheres. At 4000 to 6000 atmospheres with a 
benzoyl peroxide catalyst the product is white. Oxygen or peroxides 
act as catalysts for the reaction. The product is probably of the struc¬ 
ture indicated by formula VII. 

R R R R 

CH CH CH CH 

/ \o/ N>/ N>/ \ 

VII 

The nature of the end groups is uncertain. The butyraldehyde 
polymer is insoluble in the common solvents but swells in benzene and 
toluene. Depolymerization may be effected by heating or by small 
amounts of aqueous acids or alkalies. 

Numerous other observations have been made on aldehyde poly¬ 
merizations. Glyoxal, for example, forms a polymer. Butyraldehyde 
on treatment with a little sodium hydroxide forms a series of higher- 
boiling products. Benzaldchyde under the influence of light forms 
resinous materials of the same elementary composition as the starting 
material. The structures of these materials, however, are uncertain. 


Cyclic Compounds 

The polymerization of cyclic compounds has been encountered 
previously in the polyesters (p. 707). Some lactones polymerize more 
or less readily to form long-chain polyesters. It is not certain whether 
a small amount of water intervenes to give the hydroxy acid, followed 
by successive addition of lactone rings, or whether the chain is built 
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up by simple coalescence of the rings. In any event, the stability of 
the lactone determines the rate of the polymerization. 

The cyclic compounds ethylene oxide, ethylene sulfide, and ethylene 
imine polymerize rather easily. Ethylene oxide has been studied by 
Staudingcr 111 and particularly by Hibbert. 196 Its polymerization Is 
catalyzed by a number of materials, including stannic chloride, sodium, 
and trimethylamine. The reaction may proceed so rapidly as to become 
explosive. The structure of the resulting polymer is that shown by 
formula I. 

HO(CHsCHsO) n H 

i 

Hibbcrt and his co-workers'" have shown that the reaction is a 
stepwise addition of ethylene oxide to polyethylene glycols previously 
produced. Flory >" has studied the ratio of the weight average to the 
number average molecular weight in this series and finds that it ap¬ 
proaches unity. The molecular weights vary considerably, but prepara¬ 
tions averaging about 120,000 have been recorded. The lower polymers 
have molecular weights in the range up to a few thousand. The poly¬ 
ethylene glycols with 3, 0, 18, 42, 90, and 180 repeating units have been 
studied by Lovell and Hibbcrt. m 

By polymerization of ethylene oxide with alkaline catalysts, water- 
soluble waxes have been obtained. These are known commercially as 

“Car bo waxes.” , 

Other oxides as propylene oxide may l>e polymerized with catalysts 
like stannic chloride. Cyclohexene oxide has been polymerized under 

pressure. 195 Ethylene sulfide polymerizes easily to a substance analogous 
to that obtained from the oxide. 


Mechanism of Addition Polymerization Reactions 


As has been pointed out, the reactions leading to the formation of 
condensation polymers are considered to Is- of the same nature as the 
corresponding simple condensation reactions of organic compounds, 
such as esterification, etherification, amide formation, and aldol con¬ 
densation, differing only in the fact that the reactions are capable of 
indefinite repetition. The extensive investigations of this type of poly¬ 
merization have shown 3 "’ that the structure and size of the polymeric 
molecules, as well as the kinetics of their formation, are in agreement 
with a mechanism involving successive condensation reactions, each 


m Sc© Perry und Hibbcrt. ibid.. 62. 2599 (1*40). for leading references. 
» w Flory. ibid.. 62. 1501 (1940). 

••• Lovell and Hibbcrt. ibid.. 62. 2144 (1940). 

m Flory. ibid.. 69. 400 (1937) (condensation); 69. 241 (1937) (addition). 
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individual step being no more unusual or complex than the ordinary 
reactions of organic compounds. 

Addition polymerization, however, possesses certain peculiarities 
which clearly distinguish this type of reaction and which have led to 
many investigations and much speculation concerning the mechanism 
involved. The essential distinguishing feature is that the average 
molecular weight of the polymer molecules first formed is very nearly 
the same as the molecular weight of those formed later, in marked con¬ 
trast to condensation polymerization, in which the polymeric molecules 
continue to increase in size during the course of the reaction. In 
addition to this unusual mode of formation of addition polymers, any 
entirely satisfactory mechanism for the formation of these substances 
must, of course, also be capable of accounting for such structural con¬ 
siderations as orientation of the monomer units, end groups, and chain 
branching. 

The generally accepted explanation of these characteristics consists 
of a mechanism dividing the reaction into three steps involving (A) 
activation of individual monomer molecules, followed by (B) rapid 
reaction of the active form with successive molecules of monomer, 
retaining the activity, and finally (C) a loss of activity in some manner 
to yield a stable polymer molecule. 

The intimate mechanisms of these various steps in the process, 
initiation (A), propagation (B), and cessation (C), have been the sub¬ 
jects of extensive investigation, particularly by means of kinetics, cor¬ 
related with the average size and size distribution of the polymers. 
Styrene,' l26, 127, ,20, 200,201 • * 4,206 vinyl acetate, 206 methyl meth¬ 

acrylate, 172, 200 and dienes 172 have been the monomers receiving most 
attention. They have been polymerized thermally or under the influence 
of such catalysts as peroxides, 200,201 • 206,207< 208 metal halides, 204 alkali 
metals, 176 light, 172 or various free radicals, generated chemically 202 , 203 or 
photochcmically. 172 

The analytical procedures for following the rate of reaction have been 
isolation of the polymer, MS - 201 titration of the monomer by bromine, 204,205 
change in volume, 206,209 and, most recently, the change in rotation on 

100 Norrish and Brookman, Proc. Roy. Soc. (London). A171, 147 (1039). 

201 Schulz and Huscmnnn, Z. phytik. Chcm., B39, 240 (193S). 

202 Schulz and Wittig, Katuru^tscnachaftcn, 27, 387, 450 (1939). 

201 Schulz, ibid., 27. 059 (1939). 

20 ' Williams, J. Chcm. Soc.. 775 (1940). 

204 Whitby. Tran*. Faraday Soc.. 32. 316 (1930). 

204 Cuthbcrtson, Goc, and Ridcal, Proc. Roy. Soc. (London), A170, 300 (1939); Kamen 
sknya and Medvedev, Acta Physicochim. (UJi.S.S.), 13, 505 (1940). 

207 Marvel, Dec, and Cooke, J. Am. Chcm. Soc., 62, 3499 (1940). 

204 Price und Kell, ibid., 63. 279S (1941). 

209 Starkweather and Taylor, ibid., 52, 4708 (1930). 
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polymerization of optically active monomers.*"- = 0> Owing to difficulties 
in analytical procedure, a majority of the investigations of the kinetics 
of polymerization has been carried out without a diluent - 00 ' or 
over such a wide range in mole fraction of solvent - 01 that any deduc¬ 
tions as to the mechanism arc complex and difficult because of the 
possible effect of the change in solvent medium on the rates of the 
various steps involved in the reaction. 

In general, there have been two essentially different viewpoints with 
regard to the nature of the propagation reaction. That originally 
proposed by Staudinger* 10 and supported by many other investi¬ 
gators ls8, n '-'- 1M - :00 ' *"■ :M - *“ has indicated a specific mechanism involv¬ 
ing addition of an active free radical to the double bond of a monomer 
molecule, generating a new free radical which can in turn add again to 
another monomer molecule. As a free radical chain reaction, polymeri¬ 
zations proceeding by such a mechanism should be characterized by 
being subject to strong inhibition by small amounts o such substances 
as hydroquinonc or diphenylamine.* u It is a well-known fact that 
small amounts of hydroquinone and other substances are capable o 
preserving such monomers as methyl methacrylate, styrene, vinyl 

acetate, and dienes. . „ 

A second viewpoint regards the propagation reaction as an energy 
chain ” *“ in which an “activated" or ••excited” monomer molecule adds 
to a normal molecule yielding at. activated dimer which can add another 
monomer molecule, the process continuing until the activation is 
dissipated in some manner. 

For thermal polymerization in the absence of added catalytic agents, 
it has been suggested that the activation process might consist in the 
formation of a diradical,*“• ’ ,0 either uminolccular or bimolocular. 


C=C 


•c—c 


•1H 


2C=C 

I I 


K iii 

— —> c—c—c- 
(B) III 


Burk 212 and later Irony 2,3 have clearly pointed out that a serious draw- 


110 Sco StoudinRor. Tran.. Faraday See.. 33. 97 0930)- 
*>» Soo. O.g.. Price. J. Am. Chen,. &«.. 68. 1834 (19JG). 
*»* Burk, Ind. Eng. Chtm.. 30. 1059 (1938). 

*•» Irony. J. Am. Chtm. Soc.. 62. 2090 (1940). 
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back to this suggestion is the absence of cyclic polymers, especially 
trimers, which might be expected from such diradicals. 

The extensive investigations of Schulz 128 on the thermal polymeri¬ 
zation of styrene, alone and in various solvents, have indicated that the 
initiation process in this case may be a unimolecular activation of 
styrene, leading to a free radical propagation reaction between monomer 
and an active chain and a cessation reaction involving mutual deactiva¬ 
tion of two active free radical chains, either by coupling or, more prob¬ 
ably, by disproportionation. 199 Breitenbach 214 has disputed the pos¬ 
sibility of drawing any safe conclusions concerning the intimate mecha¬ 
nism of a reaction from kinetic data over as wide a range of solvent con¬ 
centration as that emploj'ed in the investigations by Schulz, Husemann, 
and Dinglinger. 128 - 201 However, Schulz and Wittig 202 - 203 have clearly 
demonstrated the possibility of the initiation of polymerization by 
free radicals, using the dissociation of tetraphenylsuccinonitrile 
(C fl H 5 ) 2 C-C(CeH s )-l 202 and the thermal decomposition of benzene- 

I I 

CN CN 

azotriphenylmethane [(CoHj^CN^NCgHs] 203 as sources of free radicals. 
Melville 172 has also used free radicals to initiate the polymerization in the 
gaseous phase. The sources of free radicals were the mercury-vapor- 
sensitized photochemical dissociation of hydrogen into atoms and the 
photolysis of acetaldehyde. 

For the benzoyl peroxide catalysis of the polymerization of styrene, 
Schulz and Husemann* 01 have concluded that the propagation and ces¬ 
sation reactions remain unaffected by the catalyst. The catalyst serves 
merely to increase the rate of the initiation reaction. Schulz has sug¬ 
gested a mechanism for the initiation reaction in the presence of per¬ 
oxides involving the equilibrium formation of a complex between the 
catalyst and styrene, which then decomposes to give an activated 
styrene molecule. At constant solvent concentrations, however, his 
data 201 show the rate to be proportional to the square root of the catalyst 
concentration, in agreement with the results of Cuthbertson, Gee, 
and Rideal 206 using the same catalyst with vinyl acetate. Melville 2,5 
has pointed out that such a dependence of the rate on the catalyst con¬ 
cent ration is strong indication of unimolecular decomposition of catalyst 
as the initiation process and mutual (bimolccular) deactivation of active 
chains as the cessation reaction. This view is supported by the kinetics 
of the peroxide-catalyzed polymerization of d-sec-butyl a-chloroacrylate 
in dilute dioxone solution. 208 Price and Kell 208 have pointed out that 


,u Breitenbach, Z. physik. Chtm., B45. 101 (1939). 

J,J Melville, Ann. Rcjtls. Chrm. Soc. {London), 36, G1 (1939). 
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the specific nature of this unimolecular chain-initiating reaction of per¬ 
oxides is most probably their decomposition into free radicals, proposed 
by Hey and Waters 2,6 to account for the thermal decomposition products 
of acyl peroxides in various solvents. This suggestion has offered an 
excellent explanation for many of the unusual catalytic effects of per¬ 
oxides; 2I7 - 2,8> 2,9 the unimolecular nature of the process is supported bv 
an investigation of its kinetics. 220 In support of the mechanism of 
chain initiation by free radicals from the decomposition of the acyl 
peroxides is the observation that polystyrene prepared with p-bromo- 
benzoyl peroxide as the catalyst contained bromine in approximately 
the correct amount for two halogen atoms per polymer molecule.- 

This free-radical mechanism of peroxide catalysis may be illustrated 
by the following simple equations, in which M represents the monomer 
molecule and the dot indicates the odd electron of the free radical: 


Initiation (A) 


Propagation (B) 


(ArCO.) s — 2 ArCOj • 
ArCO* • — CO* + At 
A r- + M —* Ar—M- 
Ar—M • + M —* Ar Mi* 
At —M,- + M —* Ar M*+i 


Cessation (C) 
Ar—M,- + Ai 


or 


I I 

--r? 

H 

2 Ar— M m • 


M*—H + Ar—M„—C« 


I 

■C 


Ar— MfM g —Ar 


Individual active polymeric chains may be deactivated and trans¬ 
formed into stable polymer molecules in several ways. I or example the 
free radical may lose a hydrogen atom from the adjacent carbon atom 
to give a polymer molecule terminated by a double bond or it may 
acquire a hydrogen atom from some other molecule in the reaction 
mixture to give a saturated polymer.’" Either of these processes, how- 
*»• Hey and Waters. Cheat. R* r.. 21. 109 0937). 

«• Kharaech. Kane, and II. C\ Brown. *•«*.. 63. 5.6 0941). 

no n J Brown, ibid., 62. 2657 (1940). _ ... , . 

«i Price and Kell. 101«t Meeting A the American Chemical Society. St. Ix>ui 8 . Mo. 

April. 1041. 
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ever, is merely a transfer of the active free radical, not its destruction, 
since one of the products in each case is a radical capable of generating 
a new active chain. 



It is significant to note that the formation of branched-chain poly¬ 
mers can be accounted for either by reaction of an unsaturated polymer 
molecule with an active chain or by means of the second transfer reaction 
above if the substance donating the hydrogen atom is a polymer mole¬ 
cule. Either or both of these reactions also account for the observed 
increase in molecular weight when polystyrene is treated with styrene 
under polymerization conditions 125 and for the occurrence of occasional 
methyl side groups reported on polystyrene chains. 124 


Ar— /CH—CHA— C=CH, + H- — Ar— /CH—CHA — 6—CH, 

\i.H. /, cai. \A.h. A iji. 

GgHaCH—CH,| 

CH, 

Ar— /CII—CH, -/CH—CHA— 

Viji. A i.n. A 


The nature of addition polymerization in the presence of such 
catalysts as boron fluoride, aluminum chloride, stannic chloride, or 
antimony pentachloridc must involve a different sort of mechanism. 
Williams 2<M has measured the kinetics of the polymerization of styrene 
iu the presence of such catalysts and found the rate to be directly 
dependent on the catalyst concentration. 

Polymerization under these conditions may involve a polar chain 
mechanism, initiated by reaction of the catalyst with a monomer mole¬ 
cule. The catalysts arc, in general, also effective catalysts for the 
Friedel and Crafts type of reaction which depends on the electrophilic 
(electron-accepting) nature of the catalysts. 222 

Hunter and Yohe 222 have suggested that the chain-initiating action 

”* See Price, Chcm. Rev., 29. 37 (1041). 

3,1 Hunter and Yohe, J. Am. Chcm. Soc., 65. 1248 (1033). 
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of such catalysts depends on their electrophilic nature and consists in 
the acquisition by the catalyst of a pair of electrons from the double 
bond of the monomer. 


i i 

MCI, + C=C 

I I 


e I I 
CUM—C—C® 


ell II 

CM-C-C. + .0-0 


I 


ell II 

CUM—(C—C)„—C—C® 

III’ 


1 '° 


. I 

HC1 + CU-iM—(C—C) 


(A) 


(B) 


<C) 


This mechanism is thus analogous to that suggested by Whitmore -* for 
acid-catalyzed polymerization; in the latter ease the electron-deficient 
(electrophilic) catalyst consists of a proton. Under conditions ... which 
propagation is rapid compared with the loss of a proton from the active 
polymer, long-chain polymew would result; under conditions ... winch 
the reverse holds true, dimem and trimers would be the pr.nc.pal 

products^ reaction wcrc the unimolccular loss of a proton 

leaving a double bond at the end of the chain, the observations of 
Williams =« ie., that the rate is directly dqKM.dcnt on catalyst con¬ 
centration, while the degree of polymerization is independent of catalyst 
concentration, would be accounted for. Furthermore, the polymer 
would be an organomctallic compound, which may account for tl.. 
difficulty encountered in freeing such |>olymcm from the catalyst 

In addition to the kinetics of the reaction, an entirely satisfactory 
mechanism for polymerization must account for the structure of the 
polymer obtained. In general, monomers with polanzcd double bonds, 
i.c., those containing negative groups attached at one end of the vinyl 
grouping, such as styrene, acrylic esters and vmyl esters, might be 
expected to polymerize in a head-to-ta.l fashion, regardless o which 
reaction mechanism is considered. This has been found o be rue for 
most of the addition polymers which have been investigated. The 
a-haloacrylatcs,' 13 which polymerize head-to-head, ta.l-to-ta.l, appear 
to be an exception to the general behavior of this type of compound, 
and there is at present no satisfactory explanation for this. 


m Whitmore. I ml. Eng. Chcm.. 26. 04 (1034). 
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INTRODUCTION 

The reduction of organic compounds may be accomplished by either 
of two general methods: (a) treatment with chemical reducing agents or 
(6) reaction with molecular hydrogen in the presence of a catalyst. The 
second process is termed hydrogenation when hydrogen is added to a 
double or triple linkage. Cleavage of a molecule by combination with 
hydrogen in the presence of a catalyst is termed hydrogenolysis. Both 
these processes have been proved to be valuable tools in synthetic 
organic chemistry. It is the purpose of this chapter to provide the fun¬ 
damental background for an understanding of these reactions and for 
their employment in the laboratory. 

The number and nature of the publications in this field are such that 
no critical or comprehensive survey can be made at the present time. 
Books by Sabatier-Reid (1922) and especially by Ellis (1930) give a 
general idea of the historical development and wide application of the 
catalytic combination of hydrogen with organic compounds. Recent 
developments are summarized in the Reports of the Committee on Ca¬ 
talysis published by the National Research Council. The present discus¬ 
sion will therefore be limited to the consideration of the reduction of 
common functional groups, in the presence of the catalysts, nickel, cop¬ 
per chromite, platinum, and palladium, with such comments on the 
experimental conditions, temperature, pressure, and solvents as may be 
necessary. 

GENERAL METHODS AND APPARATUS 

Four general methods for carrying out the reaction are used. 

1. A mixture of hydrogen and the vapors of the organic compound 
are passed through a tube containing the catalyst maintained at a suit¬ 
able reaction temperature, 20° to 400°. The proper rate of flow must be 
determined in order that complete reduction will be effected. This 
method, introduced by Sabatier in 1897, is not applicable to non-volatile 
substances, is difficult to control, and hence is of limited applica¬ 
tion. 
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2. Hydrogen is bubbled through the compound dissolved in a solvent 
in which the catalyst is suspended- Atmospheric pressure and temper- 
atures ranging from 20° to the boiling point of the compound or the 
solution may be used. This procedure is wasteful of hydrogen and 
difficult to control. It is used to a limited extent in a few reductions 
such as the Rosenmund (p. 80S). 

3 The compound or a solution of the compound is agitated vigor- 
ously with the catalyst and hydrogen at a pressure of 1 to 4 atmospheres 
and temperatures of 20° to 00°. Usually the process is camel out in a 
heavy-walled glass bottle mounted in a shaking device and attached to a 
small hydrogen cylinder fitted with a pressure gauge. A convenient 


apparatus is shown in Fig. 1. . . 

Once the apparatus has been calibrated, the course of the reduction is 
followed by noting the fall in pressure. This method is useful for the 
reduction of functional groups which are easily reduced at low pressures 
and temperatures with catalysts which are active at 20 to 60 such as 
platinum, palladium, and Haney nickel. Because of the limited pres¬ 
sure and temperature ranges this method cannot be used for the more 

difficult hydrogenations or hydrogenolyscs. 

4 The fourth process cousists in agitating the compound or a solu¬ 
tion of the compound and the catalyst with hydrogen at high pressures, 
50 to 300 atmospheres, and at temperatures ranging from 20 to 400 . 
A special steel reaction bomb is used fitted with a pressure gauge as 
shown in Fig. 2. The vessel is mounted in an electncal heating jacket 
the temperature of which is controlled by means of a thermocouple and 
electrical control system. One convenient type of apparatus is shown in 
Fig 3 The course of the reduction Is followed by noting the pressure 
drop at the operating temperature. Usually it is convenient to calibrate 
each bomb at several temperatures with a known compound^ 

This fourth procedure was introduced by Ipat.efT in 1904 but was 
not widely used until the improvements in the alloys or the bombs and 
design of'reaction equipment made high-pressure reductions relatively 
inexpensive, convenient, and safe. A detailed description of the appa¬ 
ratus and a summary of reductions by this fourth process have been given 

by From the practical point of view, methods 3 ami 4 above have proved 
to be of greatest utility in the laboratory. Most of the reductions 
described in this chapter were carried out by one of these methods. 

In order to effect complete reductions smoothly in the minimum 
amount of time, it is necessary that the compound being reduced be 
pure and that a pure solvent be employed. All catalytic processes are 
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adversely affected by “poisons”; care must therefore b: taken to keep 
the apparatus clean, to use pure compounds, and to prepare the catalyst 
by following exactly the procedures which have been found to produce 
active catalysts. 

PREPARATION OF CATALYSTS 


Colloidal Forms 

Platinum. Paal "• 2 prepared a platinum sol by adding hydrazine 
hydrate to chloroplatinic acid dissolved in a 2 per cent solution of sodium 
protalbate or lysalbatc neutralized with alkali. After reduction was 
complete the salts were removed by dialysis and the solution evaporated. 
Black platinum solutions containing from 0 to 78 per cent platinum were 
obtained. These colloids are precipitated by acids. Reduction of a 
1 per cent solution of chloroplatinic acid by hydrogen ... the presence of 
gum arable • yields a colloidal sol stable in the presence of acids. Col¬ 
loidal forms of platinum have also 1-eon prepared using lanolin • as a 
protective agent. Colloidal hydrosols of plat.mc hydroxide have also 

been prepared. 6 . ,, 

Palladium. Colloidal sols containing up to 6< per cent palladium 
protected by sodium protalbate were prepared by Paal - by the same 
procedure described above for platinum. Gum arable * soluble starch, 
and gluten • have l>cc., used a- protective agents to obtain colloidal sus¬ 
pensions of finely divided palladium. Palladous hydroxide stabilized by 
gum arabic • or lanolin ‘ has also been used. An organosol of palladium 
oleate may be obtained by the action of sodium oleate on ammonium 

palladium chloride. 10 . „ i . 

These colloidal sols of platinum and palladium were used as eatalj st» 
in many of the early reductions but are not widely used at the present 
time because difficulties are experienced in obtaining a uniformly active 
catalyst and in isolating the products from reductions. 

> Paal. Btr.. 36. 2195 (1902). 

* Paul and Ambcrgcr. B<r., 37. 124 

* Skita and Meyer. ttrr.. 45 :i '»s9 

* Ambcrgcr. Kollo,M.. 13. 310 <»•«!; 

* Paul and Ambcrgcr. U- S. P »« . 1.0 m *91 (1-13). 

* Skitu and Moyer, B,r.. 46. 3579 

» Bourgud. Bull. to(. chim.. 14| 41. 1413 (I. -7). 

* Dourgud. ibid.. 141 43. 231 (1928). 

* Kdlcr and Schwarz. B-r.. 45. 1940 d J*2)- 

,# Sulzberger, U. S. pat.. 1.171.902 (1910). 
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Amorphous Forms 

Platinum Black. 1. By the Reduction of Soluble Salts. Platinum 
black is usually prepared by the method of Loew, 11 whose procedure has 
been modified by Willstatter and Hatt, 12 by Willstatter and Wald- 
schmidt-Leitz, 13 and again by Feulgen. 14 According to the procedure of 
Feulgen, a 50 per cent solution of chloroplatinic acid is reduced by 
means of a 40 per cent formaldehyde solution made strongly alkaline 
with sodium hydroxide. After thorough washing the reduced metal Is 
dried in a vacuum desiccator over sulfuric acid. 

Some hydrogenations may be carried out successfully by reducing a 
platinum salt with hydrogen in the presence of the material to be hydro¬ 
genated. According to the procedure of Paul 15 a variety of platinum 
compounds such as chloroplatinic acid, potassium chloroplatinate, 
platinous chloride, etc., may be added in powdered form, in aqueous 
solution, or suspended in fat or mineral oil, to an unsaturated fat or fatty 
acid. Hardening of the fat takes place when hydrogen is passed into the 
mixture under a pressure of 2-3 atmospheres at 80° C. The water is 
evaporated out first if an aqueous solution of the catalyst has been used. 
Paal recommends addition of sodium carbonate to neutralize the acid 
liberated when the platinum salts arc reduced, but Skita 16 has described 
a similar procedure in which no alkali is used and hydrochloric acid is 
sometimes added. Skita adds the platinum salts in aqueous solution 
and does not remove the water prior to the reduction. 

2. By Reduction of Oxides. The oxides of platinum, which are easily 
reduced by hydrogen at room temperature to the amorphous form of the 
metal, are good hydrogenation catalysts. 17 The most active catalyst is 
obtained from platinum dioxide which is prepared by fusion of chloro¬ 
platinic acid with an excess of sodium nitrate at 500 to 550° C. according 
to the procedures developed by Adams, Voorhecs, and Shriner. 18, 17, 19 
The melt is allowed to cool and is dissolved in water; the hydrated 
platinum dioxide is removed by filtration and thoroughly washed with 

" I.oew, n.r., 23. 2S9 (1890). 

'* Willstatter and Halt. ft.r., 45. 1471 (1912). 

u Willstatter and Waldsrhmidt-l.ciU. ftcr., 54. 113 (1921). 

14 Feulgen, ft. r., 54. 300 (1921). 

11 Paid. U. S. pat.. 1.023.753. 

14 Skita. U. S. pat.. 1.003.740 (1913); French pat.. 447.420 (1912); Brit, put., 28,754 
(1912); Brit, pat., 1S.990 (1912); J. Soc. Chem. hid.. 32. 253 (1913); Brit, pat., 16,283 
(1913). 

17 Adams and Shriner, ibid.. 45. 2171 (1923). 

,s Voorhecs and Adams. J. .4m. ("Arm. Soc.. 44. 1397 (1922). 

*• "Organic Syntheses." Collective Vol. 1. John Wiley & Sons. New York (1932), p. 452 
Sec-also Cook and (.instead. J. Chcm. Soc.. 952 (1934) : Bruce. Org. Sun., 17. 9S (1937). 
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1 per cent sodium nitrate solution. The oxide is readily reduced to 
platinum black when a suspension of it is shaken with hydrogen. The 
oxide may be reduced before addition of the compound being hydro¬ 
genated, or it may be added along with the compound and then shaken 

with hydrogen. . . . , 

3. Supported Platinum Catalysts. Platinum black is often prec.pi- 
tated on an inert carrier when it is used as a hydrogenation catalyst. 
Among the materials most frequently used as carriers are barium sulfate, 
activated charcoal, calcium carbonate, kieselguhr, and silica gel. The 
inert material is suspended in a weak solution of chloroplat.mc acid and 
warmed for several hours at -»0-50°. Sodium carbonate solution is then 
added to neutralize the acidity. The platinum is precipitated on the 
carrier in the form of the hydroxide. The catalyst can be filtered, washed 
with water, and dried in a vacuum desiccator. Enough chloroplatmic 
acid is usually used to give a product containing 2-o per cent of plat¬ 
inum.”' =' A platinum catalyst employing silica gel as a earner has beeu 
prepared by Reyerson and his co-workers. * * " by evacuating silica 
gel to remove the air, then saturating with hydrogen at a temperature of 
15-30°, and treating with a platinous solution obtained by reducing 
chloroplatmic acid with sulfur dioxide. The platinum is reduced to the 

free metal by the hydrogen in the gel. 

Asbestos has also been employed as a earner for platinum black 
The asbestos is usually soaked in a solution of chloroplatmic acid and 
the metallic platinum is deposited by reduction with formaldehyde and 
alkali,” or by reduction with hydrogen at lo0° C. after the asbestos has 

l>Ce ZetlitJs havc been used as carriers for platinum. The artificial 
zeolite, sodium pcnnutitc. can be heated until most of the water is driven 
out and then soaked in a solution of chloroplatmic acid. Drying and 
heating, followed by removal of soluble salts by washing, gives a plat- 

lnU paJladium Black. /. By Reduction of Soluble Salts Palladium black 
is often prepared by the reduction of solutions of palladium salts with 
sodium formate or with formaldehyde.-- The sodium formate reduction 

*° Iloubcn-Weyl, "Die Mothodei. der organisoken C hemie. Vol. 2. p. ■*'*• 

« Kafler, fl.r.. 67. 1201 (10241. 

r, Inti. Petroleum TVoA.. 221A 

«m <«». 

« Burrult ond Tilley. J. Chtm. .W- ; (l9l9K . „ .. , x 353 

*• Mittubck. Schneider, and Momwitx. t, >• pat.. 1.215.390 (1917). Bnt. pat.. 1.35S 

<I0 «Houben-\Vcyl. "Dio Mctl.oden dor orgunischon Chomie." Vol. 2. p.49S. 
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is carried out by slow addition of formic acid to a solution of palladium 
chloride made somewhat basic with sodium hydroxide. Reduction by 
formaldehyde is carried out by addition of 33 per cent formaldehyde 
solution and a 50 per cent potassium hydroxide solution to a dilute solu¬ 
tion of palladous chloride containing hydrochloric acid. In either pro¬ 
cedure the palladium black is filtered from the solution, washed with 
water on the filter, and dried over sulfuric acid in vacuo. 

With palladium, as with platinum, some hydrogenations may be 
carried out by mixing palladous salts with the material to be hydro¬ 
genated. Procedures have been worked out by Paal 15 and Skita 16 
w'hich are the same as those described above in which platinum salts 
were used. 

2. By Reduction of Oxides. An active palladium black catalyst is 
obtained when palladous oxide, prepared by the method of Shriner and 
Adams, 19,28 is reduced by hydrogen in the presence of the substance to 
be hydrogenated. Palladous chloride is fused with sodium nitrate, and 
the temperature is raised to 575-600° to produce palladous oxide. The 
melt is cooled and treated with distilled water. The oxide is removed by 
filtration and washed with a 1 per cent solution of sodium nitrate. 

3. Supported Palladium Catalysts. Barium sulfate often serves as a 
carrier for palladium when it is used as a hydrogenation catalyst. The 
usual method for the preparation of this catalyst is that of Schmidt. 28,29 
Barium sulfate which has been precipitated from a hot solution is sus¬ 
pended in water and treated with a dilute solution of palladous chloride. 
The palladium is reduced to the free metal by addition of a solution of 
formaldehyde (40-50 per cent) made alkaline to litmus with sodium 
hydroxide; the mixture is boiled until the solution becomes colorless. 
The catalyst, a gray residue, is then filtered off, washed thoroughly with 
hot water, and dried in a desiccator over potassium hydroxide. 

Various types of activated charcoal have served as carriers for 
palladium. Several methods of preparation have been developed, 80,11 • 82 
but those used by Hartung* 3 and by Ott and Schroter 34 are perhaps the 
simplest and best. Activated charcoal is shaken with a solution of 
palladous chloride in an atmosphere of hydrogen until saturated. The 
charcoal containing the palladium is filtered, washed, dried, and kept in a 
vacuum desiccator. 

:s Shriner and Adams, J. Am. Chem. Soc., 46, 1683 (1924). 

*• Schmidt, Her., 62. 409 (1919); Ger. pat.. 252,130. 

50 Sabalitachka and Moses. Bcr.. 60. 800 (1927). 

31 Mayer and Stamm. Bcr. 66, 1424 (1923). 

32 Mannich and Thiele, Bcr. dent, pharm. Gcs., 26. 30 (1916). 

33 Hartung. J. Am. C/icm. Soc., 60. 3370 (192S); J. Soc. Chcm. Ind. 548 (1910). 

31 Ott and Schroter. Bcr.. 60. 633 (1927). 
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Calcium carbonate has also been used as a support for a palladium 
catalyst. According to the method of Busch and Stove, 35 calcium car¬ 
bonate prepared by the treatment of a hot solution of calcium chloride 
with sodium carbonate is suspended in water and a solution of palladous 
chloride is added. The mixture is gently warmed until the palladium is 
deposited on the carbonate as palladous hydroxide, and the catalyst is 
washed a few times with distilled water by decantation. It Ls then 
filtered, washed on the filter until free of chlorides, using as little water as 
possible, and dried. Reduction of the palladous hydroxide takes place 
during hydrogenation. 

Palladium catalysts supported on silica gel have been described.* a 
Latshaw and Reverson ~ have prepared such a catalyst in the same 
manner as they prepared their platinum-silica gel catalyst described 
above. Silica gel which has Urn exhausted in a vacuum and then sat¬ 
urated with hydrogen is treated with a solution of ammonium chloro- 
palladite. The palladium is reduced by the hydrogen and deposited on 

the gel. The catalyst is then washed and dried. 

Kiosclguhr is another support which has been used for palladium. 
Sabalitschka and Moses 3 * prepared such a catalyst by shaking kiesel- 
guhr with a very dilute solution of palladous chloride until all the salt 
was adsorbed, then reducing by shaking the suspension with hydrogen. 
The catalyst was then filtered from the solution, washed thoroughly 

with water, and dried. , 

Palladium zeolites have been prepared and reduced to give a sup- 
ported palladium catalyst.* Sodium permutitc is digested with a dilute 
solution of palladous chloride containing a little hydrochloric acid until 
the palladous ion is removed from solution. (The solution becomes 
colorless) The material is washed thoroughly and then reduced with 
hydrogen at 150-200° or with formaldehyde at a lower temperature. 

Schwarcman « has suggested metallic scsquioxides such as aluminum 
oxide as carriers. This catalyst was prepared l»v precipitation of a 10 
per cent solution of aluminum sulfite by its equivalent of 20 per cent 
sodium hydroxide at 77° C. After the precipitate is washed it is boiled 
with a 0.3 per cent solution of palladous chloride. 1 he catalyst is tillered, 
washed, and dried at 77° C. A platinum catalyst may be prepared in 
similar fashion, but is less active. 

Nickel. Until recent years the type of nickel catalyst most commonly 
used in the laboratory was prepared by reducing with hydrogen a nickel 
compound which had hern debited on a suitable inert, porous support. 
The support was impregnated with a nickel salt, and then nickel hydrox- 

“ Busch and Stove. U<r.. 49. 1063 (1916). 

“Schwarcman. U. S. pat.. 1.111.502 (1914). 
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ide or carbonate was precipitated by the addition of sodium or ammon¬ 
ium hydroxide or carbonate. The support was then washed free of 
soluble salts and dried, and the resulting nickel oxide was reduced with 
hydrogen at 300° to 450°. In order to facilitate the washing process the 
use of nickel nitrate and ammonium carbonate has been recommended, 
but if the cost of the salts Is an important factor the sulfate or chloride 
and sodium hydroxide is satisfactory. The activity of the catalyst is 
determined by many details such as the type of support, the exact pro¬ 
cedure followed, the purity of the reagents, the temperature and rate 
of reduction of the nickel oxide, and the presence of other oxides. A 
satisfactory procedure for the preparation of nickel on kieselguhr has 
been described. 37 

Raney Nickel. The most common nickel catalyst today is that pre¬ 
pared according to a process invented by Murray Haney. 38 It is com¬ 
mercially available as an alloy containing approximately equal weights 
of nickel and aluminum and corresponding to the formula NiAl 2 . The 
aluminum is dissolved out of the alloy with sodium hydroxide, and the 
residual nickel, after thorough washing, is stored under water, alcohol, 
ether, dioxane, mcthylcvclohexane, or other liquid. A suitable procedure 
for the preparation of the catalyst from the alloy Ls described by Mo- 
zingo. 3 ’ The Haney nickel catalyst is active for some compounds at lower 
temperatures than the supported nickel catalyst, and it Ls much more 
accessible and convenient. It is not so readily suspended in a reaction 
mixture, and the amount of nickel required for a given hydrogenation is 
many times greater than for a nickel on kieselguhr catalyst. 

('ohnlt has often been suggested as equal to or superior to nickel as a 
catalyst for certain types of hydrogenation, but there appears to be no 
unequivocal evidence on this point. 

The addition of other metals such as copper, zinc, chromium, molyb¬ 
denum, iron, cerium, occasionally seems to improve the catalytic action 
of nickel. (I. B. L. Smith and associates 40 in recent years have pub¬ 
lished a >eries of papers in which are described the beneficial effects of 
adding platinum to Haney nickel. 

Copper Chromite. A large number of oxides, such as zinc oxide, 
nickel oxide, copper oxide, chromium oxide, and molybdenum oxide, 
for instance, are catalysts for hydrogenation, but in general they suffer 
from two disadvantages. They either require a high temperature (300° 
to 500°». or else they arc readily deactivated by reduction. Copper oxide 

■■ CovitI, Connor nn«l Adkins. J. Am. Chen. Sue.. 54, 1051 (1932), also p. 19. 
"Reaction* of Hydrogen." 

" Murray Raney. U. S. pat.. 1.62S.190 (May. 1927). 

Mn/ingo. <Jr&. Si/nthe***. 21 <1941*. John Wiley & Sons. New York. 

40 Ucaaenberit. I.ivher. and Smith. G. 11. I... J. Am. Chrm. Sue.. 61. 3S4 (1939). 
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in particular suffers under the second handicap, but if it is combined 
with chromium oxide it U stabilized against reduction without losing 
its catalytic activity. Presumably, the catalyst is present as copper 
chromite CuCr 2 0 4 (Groger)* 1 The presence of small amounts of barium 
or calcium chromite in the catalyst mass tends to stabilize the divalent 
copper against reduction. The catalyst may be made in many different 
ways, but the most satisfactory method is by the thermal decomposition 
of copper ammonium chromate, c prepared by mixing water solutions 
of a copper salt, a chromate, and ammonium hydroxide. It is not neces¬ 
sary to wash the precipitate, but only to dry it and heat it to a suitable 
temperature (150-250°), when it decomposes rather violently. The 
catalyst is then washed with dilute acetic acid and water and dried. The 
finely divided black catalyst may lie kept indefinitely. 

Copper chromite is active in the temperature range of 100 to 300 
but usually requires hydrogen pressures of 100 to 300 atm. At tempera¬ 
tures above 300°, or in the presence of water, acids, or ammonia, it is 
likely to be reduced to a red cuprous compound which has little catalytic 
activity for hydrogenation. 

Other Oxides. Zinc oxide is active as a catalyst for hydrogenation 
from 300° to 400°. Zinc chromite lias been particularly useful for the 
hydrogenation of carbon monoxide to methanol Zinc elm,.mte L s also 
active for the hydrogenation of esters to alcohols at 300 o 3.,0 It 
noteworthy that by its use an unsaturated ester such as ethyl oleate can 
be hydrogenated to the corresponding unsaturated oleyl alcohol- Unil¬ 
ever, the product always contains considerable quantities of the sntura cd 
octadecyl alcohol. Molybdenum sulfide has been recommended for the 
hydrogenation of sulfur-containing compounds at 3o0 to 400 . 

Patent claims for these and many other substances have been made. 
Unquestionably, many compound, not mentioned above have merit as 
catalysts for hydrogenation, dehydrogenation and disproportionation, 
especially for temperatures above 300°; but platinum palladium, nickel 
and copper chromite are certainly the most usefu catalysts m the 
organic laboratory at the present tune. A table showing over s.xt> 
hydrogenation catalysts with comments on their preparations, act.nt.es, 
and uses Ls given by Williams and Becck. 44 

tions of Hydrogen.” I.uxicr and Arnold. 

««WUuLn- d «t\ ,k !k^^ --Twelfth Report of the Committee on Catalyaia.” |>. 114 
John Wiley & Sons <1*>I0). 
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THE ROLE OF THE CATALYST IN HYDROGENATION 

The following discussion outlines a working concept of the role played 
by the catalyst in hydrogenation. 45 The hypothesis suggested ration¬ 
alizes a multitude of observations, many of which are otherwise anom¬ 
alous. No attempt will be made to enter into the fine details of the 
mechanism of catalysis. It will be assumed that we are concerned with 
the ordinary chemical reactions of hydrogen, catalyst, and hydrogen 
acceptor with one another. 

A catalyst may be defined as a substance that accelerates or causes a 
reaction to take place. Catalysis is concerned with the influence of one 
molecule upon the behavior of another molecule. This definition 
assumes that two molecules, such as those of hydrogen and ethylene, do 
not react with each other except under the influence of a third substance, 
such as nickel. The catalysts for hydrogenation apparently function 
by combining with the hydrogen and with the compound to be hydro¬ 
genated (hydrogen acceptor). The result of this combination with the 
catalyst is that the hydrogen and hydrogen acceptor react with each 
other. Simply expressed, molecules of hydrogen and molecules of 
ethylene arc inert toward each other, but hydrogen attached to nickel 
may react with ethylene attached to nickel to give ethane. The ethane 
then leaves the nickel, permitting the metal to react with more ethylene 
and hydrogen and so repeat the process of hydrogenation. 

What are the characteristics of a “good” or effective catalyst upon 
the basis of this simple concept of the role of the catalyst? First, a good 
catalyst must be stable under reaction conditions, and many of the 
things that are done in preparing and using a catalyst arc connected with 
stabilizing it against change. Probably many so-called promoters merely 
tend toward stabilizing the catalyst nit her than enhancing its activity. 
Certain catalysts, especially those used in catalytic oxidation, such as 
copper, silver, vanadium oxide, and molybdenum-iron oxide, are con¬ 
stantly renewing their surfaces by alternate oxidation and reduc¬ 
tion. ’ 

V change in experimental conditions may render a catalyst useless 
b< ausc it can no longer maintain the active form. For example, copper 
eh omitc, an excellent catalyst for hydrogenation in the liquid phase, in 
many cases is not so satisfactory in the gas phase. This is because the 
divalent copper in the active catalyst is more readily reduced by hydro¬ 
gen if the copper chromite is not wet. An excess of water facilitates the 
dehydration of alcohols over alumina, whereas an excess of ammonia is 

4S Adkins, Ind. and Eng. Chcm.. 32. 1189 (1940). 
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advantageous in dehydrogenating amines. These various reagents prob¬ 
ably improve the processes because they maintain the catalyst in the 
proper state of oxidation or because they prevent the accumulation of 
by-products on the active surface. 

A good catalyst for hydrogenation must combine several distinct 
characteristics or abilities in addition to maintaining its active state 
under reaction conditions. 

1. It must adsorb and activate hydrogen. 

2. It mast adsorb and activate the hydrogen acceptor. 

3. It must hold them in the proper ratio and space relationship. 

4. It mast desorb the reduced compound. 

The present discussion Is primarily concerned with several types of 
observations, which may be rationalized in terms of the sequence of 
reactions on the catalyst outlined above. Firat, consider an example of 
the results of a variation in the proportion of the hydrogen and hydrogen 
acceptor on the surface of the catalyst, as described by Craxfordfor the 
Fischer-Tropsch synthesis of hydrocarbons. In this process carbon 
monoxide and hydrogen at atmospheric pressure are passed over a 
cobalt, iron, or nickel catalyst held at alxmt 200°. During the first 
few hours after the catalyst is put into service there is a large amount of 
hydrogen on the catalyst, and methane is the chief product After a 
time the amount of hydrogen on the catalyst is much less than in the 
early stages, anti hydrocarbons containing many carbon atoms in each 
molecule arc produced. That is. in the early stages with an abundance 
of hydrogen on the catalyst, there is no opportunity for carbon atoms to 
combine with one another to form long chains, for each carbon (as cobalt 
carbide) is adjacent to adsorbed hydrogen so that methane is the mam 
product. After the fust few hours of use there is less hydrogen on the 
catalyst and therefore more chance for synthesis by interaction of 
adjacent carbon atoms. In the above instance the change in the propor¬ 
tion of products is due to the change in the surface of the catalyst so that 
after a time hydrogen is held in lesser amounts than by the newly pre- 

pared catalyst. ... c 

The proportion of the products from the hydrogenation of a gnen 

compound mav also Ik- rather profoundly modified by a variation in the 
pressure of hydrogen, l'or example, at 120 atmospheres, a-ox.minoaceto- 
acctic ester gives mainly a pyrazinc, formula I, when hydrogenated over 
nickel at 80°; at 320 atmospheres the hydrogenation gives a-amino- 
0-hydroxybutyrie ester, formula II:*' 

•• Crnxford. Tran.. Faradou 36. M0 O0M). 

« Adkins and Reeve J. Am. Chem. Soc.. 60. 1328 (1038). 
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CH3—C C—CO2C2H6 

I || CH 8 CH 0 HCHNH 2 C 0 2 C 2 H 5 

C 2 Hs 0 2 C— C c— CHa 

v/ 

I II 

The formation of the pyrazine depends upon the reaction of two mole¬ 
cules of the oximino ester. At the higher pressure there would be more 
hydrogen on the catalyst and therefore less probability that two mole¬ 
cules of the oximino ester would be near enough to each other on the 
surface of the catalyst so that interaction would be possible. 

A slow hydrogenation of an ester, due to a low pressure of hydrogen 
or other cause, is likely to give considerable amounts of a high-molecular- 
weight ester. For instance, octadecyl stearate will be produced by the 
hydrogenation of ethyl stearate. This result may be rationalized if it is 
assumed that stcaraldchyde is an intermediate step in the hydrogenation. 
If the aldehyde is not quickly hydrogenated, two molecules may inter¬ 
act according to the Tishchenko reaction to give octadecyl stearate: 

Ci 7 HajC 0 2 C 2 Hi + Hi —► CnHjsCHO + C 2 H&OH 
2C17II35CHO Ci 7 H 8 s C 0 2 CH 2 C 17H3& 

It may thus be said that a low concentration of hydrogen on the sur¬ 
face of the catalyst favors synthetic reactions which involve two or more 
molecules of hydrogen acceptor. Such a low concentration of hydrogen 
is advantageous in the Fischcr-Tropsch process, which is therefore car¬ 
ried out at a low pressure of hydrogen. A high pressure of hydrogen is 
advantageous in hydrogenations where condensation with the produc¬ 
tion of high-molecular-weight compounds is not desired. 

The importance of having the right proportion of the two reactants 
upon the surface of the catalyst is also shown in the hydrogenation of 
acetylene on platinum. Farkas and Farkas 48 observed that the rate of 
hydrogenation was decreased by an increase in the pressure of acetylene 
from 70 to 150 mm., while an increase in the pressure of hydrogen in¬ 
creased the rate of hydrogenation. It is obvious that there was a defi¬ 
ciency in the amount of hydrogen on the platinum catalyst, and that too 
much acetylene was adsorbed. 

The hypothesis outlined above offers an explanation of observations 
on the relation of the pressure of hydrogen to the rate of hydrogenation. 
For example, platinum and palladium are active at pressures near atmos¬ 
pheric, copper chromite requires pressures of 50 to 300 atmospheres, and 

a Farkas ami Farkas. ibid., 61, 3306 (1939). 
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nickel is somewhat intermediate in its pressure requirements. These 
observations are understandable if it is assumed that platinum and 
palladium take up enough hydrogen at atmospheric pressure in propor¬ 
tion to the amount of hydrogen acceptor adsorbed, whereas copper 
chromite docs not have sufficient hydrogen on its surface except at rela¬ 
tively high pressures. 

With a given catalyst the effectiveness of increased pressure of 
hydrogen varies with the particular hydrogen acceptor involved. For 
example, higher pressures of hydrogen are much more important with 
esters such as ethyl trimethylacetate or diethyl camphorate than with 
straight-chain estcis which have no branching on the carbon atom alpha 
to the carbethoxy group. This observation is understandable in terms 
of the picture of the reaction process sketched above. In order for reac¬ 
tion to take place, hydrogen must be adsorbed on "active centers of 
the catalyst sufficiently close to the carbethoxy group or reaction The 
branchcd-chain estcis will tend to cover a larger area of the eataljst than 
the straight-chain esters. Therefore a higher pressure of 'vdrog.ui is 
required to overcome the shielding effect of the branched chains on 
active center, of the catalyst adjacent to the carbethoxy group 

The commonly accepted picture of the surface of the catalyst is one 
in which active rentes for adsorption are distributed over the surface. 
The active centeis presumably consist of atoms whose valence forces are 
not entirely satisfied by other atoms... the sur ace of the cataly st. 1 hoc 
active centeis vary in activity. For example a given center may be 
sufficiently active to combine with ethylene hut not with hydrogen, 
whereas another center may Ik- so strong that it will hold hydrogen as 
well as ethylene. The activity of these centers may change with the um 

activityI'vaibbkMier unit area of the catalyst is often small. Ahn.pust 
and Black 4 * concluded that in the hydrogenation of nitrogen to am¬ 
monia only one in two thousand atoms of iron m the catalyst mass was 
active. The number and activity of the active renters ... a catalyst are 
determined in part by the particular procedure followed in the prepara- 

^^hereareno experimental methods which.show conclusively that the 
spacing of the active centers on the catalyst determines the rate or d,rec¬ 
kon of the reactions brought al-out by the catalyst By inference, many 
facts suggest that the space relations on the catalyst surface arc o 
primary importance. The variation in relative reactivity among organic 
compounds with variation in the size and sha|>c of molecules shows con- 

4 » Almquiat and Black, ibid.. 48 . 2814 (l‘J36>. 
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clusively that steric factors may determine the speed of reaction and the 
proportion of products, as illustrated by differences between the behavior 
of geometrical isomers in catalytic hydrogenation. If variation in the 
configuration of the hydrogen acceptor plays a role in the catalytic reac¬ 
tion, it is but reasonable to conclude that a similar type of variation in 
the catalyst will also be a factor in the process. The soundness of this 
conclusion is borne out by the fact that d-quartz will preferentially de¬ 
hydrate one of the enantiomorphs of 2 -butanol . 110 

One of the most striking facts about catalytic hydrogenation is the 
selectivity that is shown by the catalyst and the hydrogen acceptor. 
Nickel is more active toward carbon-to-carbon double bonds than it 
is toward the carbonyl grouping, whereas copper chromite is more 
active toward carbon-to-oxygcn than toward carbon-to-carbon double 
bonds. However, both catalysts will cause the hydrogenation of both 
types of unsaturation so that the difference between the catalysts is 
quantitative rather than qualitative. For example, the ring in ethyl 0 - 
phenylpropionate is hydrogenated over nickel at 200 ° to give ethyl 0 - 
cyclohexylpropionate. Over copper chromite at 250° the carbcthoxy 
group of ethyl /3-phenylpropionatc is hydrogenated and 7 -phenylpropyl 
alcohol is produced. At temperatures above 330° both types of hydro¬ 
genation occur over either catalyst, but a third type of reaction ensues 
so that the product of the hydrogenation is largely the hydrocarbon 
propyicy clohexanc: 

C»HjCHiCHjCOiCjH» C,H„CH s CH,COjC,H» 

C,H»CH,CHjCO*C,H» C«H»CHiCH,CH,OH 

C«H,CHjCH,CO,C,H» * > C.HnCHjClIiCH, 

This relative inactivity of oxide catalysts toward alkene linkages is so 
marked in zinc chromite that the esters of the unsaturated acids such as 
oleic acid may be hydrogenated to unsaturated alcohols at a temperature 
of 250°. This is above that at which nickel would induce rapid hydro¬ 
genation of the alkene linkage in the oleate. 

This selectivity in action, upon the basis of the hypothesis outlined 
above, is probably dependent upon preferential combination with the 
catalyst. That is, nickel tends to attach the hydrogen acceptor to itself 
at alkene or benzenoid linkages, whereas copper chromite shows a greater 
affinity for carbonyl groups as compared to carbon-to-carbon double 
bonds. The higher the temperature, the less selective the catalyst and 

Schwab and Rudolph. X at uririgsciuxJui/lcn, 20. 363 (1932). 
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the greater the probability that the hydrogenation will go to the ultimate 

stage of the saturated hydrocarbons. 

In considering the role of the catalyst, one should not ignore the 
variations which are possible in the structure of a given reactant. A 
catalyst such as copper chromite which is rather inactive toward the 
benzenoid nucleus may bring about such a hydrogenation through a 
tautomeric form of the hydrogen acceptor. The ethyl ether■of fl-naph- 
thol does not react with hydrogen over copper chromite at 200 How¬ 
ever, 0-naphthol is readily converted to l, 2 , 3 . 4 -tetrahydro- 2 -naphthol a 
200° over copper chromite. 41 Presumably this is because (3-naphthol 
may tautomerize to an ....saturated ketone, a type of compound which 
is rapidly hydrogenated over this catalyst: 




oy 


UH 


the 
zenoid 


There is little difference in rate of hydrogenation over nickel between 
naphthol and its ethers, since nickel is as effective touaid the ben- 
oid nucleus of the naphthol or its ether as it is_townrd the ..nsaturated 


zcnoiu nucu'u.' ui n»v. •••»!'.— .,,.11 _ ..f a 

r .i * However over nickel the benzoate of 0-napn- 

Jho?tehavtsTvery differently from /Naphthol. Wilds « has shown that 
the hydrogenation of the benzoate over nickel gives ma.nl> 



-OCOC.Hh 





while Musscr obtained 


from /3-naphthol. 

In general, catalysts serve only to decrease the time required for the 
svsten, to reach equilibrium, but instances are known where the concen¬ 
trations of reactants attained from a catalyst are not the same as tlu.se 
that would be anticipated if the role of the eatalys wereignored • ■ 
example Reid “ reported that he had obtained ethyl acetate in juld. 
above 80 per cent by passing cquimoleeular amounts of acetic aeid and 

« Tidwell and Reid. J. -»<-• Ck*m. -W.. 53. 43o3 (10J1). 
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alcohol over silica gel. These results were criticized because it was 
pointed out that the maximum concentration of ethyl acetate could be 
no more than 67 per cent in a system starting with a mole each of alcohol 
and acid. Reid’s results have been fully confirmed, and the reason for 
the apparent exception to the prediction based on results in a homo¬ 
geneous system is easily seen if the process of esterification over a solid 
catalyst is similar to that outlined above for hydrogenation. Alcohol 
and acetic acid passing over silica gel would each be adsorbed, reaction 
would occur between molecules of alcohol and acetic acid adsorbed on 
adjacent active points on the catalyst, and then the ethyl acetate and 
water so produced would be desorbed. If alcohol and acetic acid were 
irreversibly adsorbed and water and ethyl acetate were rapidly desorbed, 
then the yield of ester would be 100 per cent. No such catalyst is known 
or likely to be found, but it will be obvious that the yield of ester is 
determined not by the thermodynamics of the alcohol-acid-water-ester 
system, but simply by the relative adsorption by the catalyst of the 
reactants as contrasted to the products. An effective catalyst for the 
hydrolysis of an ester would be one which irreversibly adsorbed ester 
and water and rapidly desorbed alcohol and acid. Over various cata¬ 
lysts one might obtain yields of ester varying from 0 to 100 per cent, 
depending upon the characteristics of the catalyst involved. 

The last step to be performed by a good catalyst is to give up the 
product at the light time or stage. Sometimes it is possible to modify 
a catalyst so that it will desorb a product at an intermediate stage of the 
reaction. For example, methanol is oxidized by air to give ultimately 
carbon dioxide and water: 

CII3OII —> HCHO -?-> HCO-H C0 2 + H *0 

Over iron oxide at 370° the reaction runs to completion, but if molyb¬ 
denum oxide is incorporated with the iron oxide, the first product of 
oxidation, formaldehyde, is desorbed. The iron-molybdenum oxide 
catalyst thus makes possible a process by which methanol is oxidized 
almost quantitatively to formaldehyde. 44 

The failure of a hydrogenation catalyst to desorb a product suffi¬ 
ciently rapidly may result in poisoning—i.e., covering of the catalyst 
by the product—or interaction between molecules of the desired product 
still adsorbed on the catalyst. There is also danger that, if the desired 
product is not quickly desorbed, it mo}’ react further with hydrogen as 
illustrated above in the hydrogenation of an ester to a hydrocarbon at 
330°. 

44 Meharg and Adkins. U. S. pat., 1,913,404-5 (June, 1933); Adkins and Peterson 
J. Am. Chrm. Soc.. 53. 1512 (1931). 
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There is a balance or competition between the adsorption of each of 
the compounds present, e.g., hydrogen, hydrogen acceptor, solvent, and 
products. Often a high pressure of hydrogen will minimize the poisoning 
effect of the products as well as their tendency to interact while on the 
surface of the catalyst, since it will increase the proportion of the sur¬ 
face covered by hydrogen, which thus replaces other adsorbates. In a 
similar way high pressures of hydrogen minimize or eliminate the effect 
of small amounts of “poisons” present in the reaction mixture. It is 
probably for this reason that less care need be taken in the punfieation 
of compounds for hydrogenation at pressures of 100 to 300 atmospheres 
than with platinum or palladium at 1 to 3 atmospheres. 

The solvent or reaction medium as well as the hydrogen, hydrogen 
acceptor, and product are no doubt adsorbed by the catalyst and so may 
play a role in determining the extent or course of the reactions. Solvents 
may be beneficial only because they facilitate the dispersion of the 
catalyst and the contact of the three essential materials, hydrogen, 
catalyst, and organic compound. However, in some eases, a more 
specific role is placed by the solvent. For example, in the presence of 
ethanol only two of the three phenyl groups in triphenylmothane arc 
hydrogenated, whereas in the presence of mcthylcyelohexnne the hydro¬ 
genation goes to completion.** In the hydrogenation of amides and 
lignin, dioxanc appears to he particularly beneficial in facilitating reae- 

tion. 

REDUCTION OF VARIOUS FUNCTIONAL GROUPS 

Alkenes 

The catalytic addition of hydrogen is the most general reaction of 
the carbon to carbon double bond. Many compounds containing the 
linkage >C=C< will not show addition reactions will, any other re¬ 
agent but will add hydrogen under tin- influence of nickel. It seems safe 
to say that over 99 per cent of all the known compounds containingthe 
alkenc linkage will add hydrogen at temperatures from O to ,., . 1 he 

olcfinic linkage is one of the groups most easily reduced. Any o he 
common catalysis may Ik- used. The rate o hydrogena ion and the 
severity of conditions required vary with substitution at he alkenc 
carbons. The simple alkenes such as ethylene and the amylenes react 
with hydrogen at room temperature and at pressures of hydrogen near 
one atmosphere in the presence of a catalyst l,ven a tr,substituted 
ethylene (C 0 H 5 ) 2 C=CHC G H 5 may be readily hydrogenated otei 

“ Adkina. Zortnmn. on«l Cramer, ibid.. 63. 1«5 G'JIil). 
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Raney nickel at 25° * under a pressure of one hundred atmospheres 
of hydrogen. 58 However, a completely substituted ethylene such as in 



where the double bond is common to two rings may be very resistant to 
hydrogenation. A temperature of 250° was required for the complete 
hydrogenation of the dodecahydrophenanthrene 57 whose formula is 
given above. A high-molecular-weight unsaturated compound, such as 
rubber, required a temperature as high as 275° to insure complete sat¬ 
uration. Unsaturatcd compounds having a conjugated system arc 
likely to require more drastic conditions for hydrogenation than com¬ 
pounds of similar complexity but with isolated double bonds. The vari¬ 
ation between cyclohexene (25°), furan (75°), benzene (125°), pyridine 
(175°), and pyrrole (225°) with respect to ease of hydrogenation over 
nickel is indicated by the figures given in parentheses. These are mere 
approximations, the exact figures depending upon the activity of the 
catalyst and the purity of the hydrogen acceptors. However, conjuga¬ 
tion does not necessarily retard hydrogenation, for compounds of the 
type RCII *= C(C0 2 C 2 H 5 ) 2 are rapidly hydrogenated over Raney nickel 
at room temperature. 58 

Temperature; pressure of hydrogen; purity of compound; and 
amount, activity, and dispersion of catalyst are interdependent variables 
so that it is impossible to assign any definite conditions of temperature 
and pressure of hydrogen under which a given type of structure will be 
hydrogenated. Though nickel may often be used at pressures of a few 
atmospheres, in general pressures of the order of 100 to 200 atmospheres 
are more satisfactory. Under these conditions most isolated alkenc 
linkages and furans will be hydrogenated below 150°. 

Because of the mildness of the conditions necessary for the hydro- 

• Hydrogenation has boon accomplished in many cases under even milder conditions. 
The discussion in this section is not based upon the minimum conditions under which tho 
reaction of hydrogen hns been observed, but rather upon the conditions under which tho 
reaction may l>o carried out on a preparationai scale to give high yields of tho saturated 
compound. 

** /art man and Adkins, ibid., 64. 1GGS (1932). 

47 Durland and Adkins, ibid.. 60. 1501 (193S). 

® Wojcik and Adkins, ibid.. 66. 2424 (1934). 
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genation it is often feasible to hydrogenate the >C=C< preferentially. 
For example, it is possible to reduce styrene to ethylbenzene. 69 At 175° 
and 100 atmospheres pressure complete reduction to ethyl cyclohexane 
may be effected in the presence of Raney nickel or nickel on kiesel- 
guhr. 66 

C6H 5 CH=CH 2 Pt ^” r-» CiHsCHiCH, > CellnCHjCHi 


Unsaturated esters, 40 acids, and amides and derivatives of furan, ben¬ 
zene, pyrrole, and pyridine can usually be hydrogenated preferentially 
at the >C=C< linkage. Unsaturated ketones such as mesityl oxide, 
(CH 3 ) 2 C=CHCOCH 3 , or heptylidene acetoacetic ester, CH 3 COC 
(=C 7 H, 4 )COoC 2 H 5 , can be hydrogenated over nickel to isobutyl 
methyl ketone and heptyl acetoacetic ester, respectively, but in other 
cases the ketone group is hydrogenated under the same conditions and 
at the same time as the alkene linkage. 6 * o 

Copper chromite also catalyzes the reduction of alkcnes at 150-1 *5 . 
If some other group in the molecule is also to be reduced which requires 
copper chromite as the catalyst, it is possible to effect both reductions 
in one operation. For example, ethyl cinnamate may be converted to 
3-phenyl- 1-propanol. 41 

C.H.CH— CHCO,C,tn C«IUC H jCHjCHjOH + C.H.OH 

One of the more important structural limitations upon the use of 
catalytic hydrogenation of olefinic linkages is the readiness with which 
the following type of reaction occurs: 

_0=C_C-OH — > —C=C-CH + H,0 

I 1 


If the double bond is resistant to hydrogenation as in a benzeno.d, 
pyridinoid, or pyrroloid nucleus then it serves to lab.hze the carbon to 
oxygen linkage with the resultant hydrogcnolysis indicated above. 

Practically every olefin which is known has been reduced to the corre¬ 
sponding saturated compound. Only a few typical examples are listed 
in Tabic I. 


w Kern. Shrinor. and Adams, ibid.. 47. H4? ( *f"**' 

" Copo and Hancock, ibid.. 60. 2044 (1938) : 61. 7,0 (1939). 
I'olkers and Adkins, ibid.. 64. 1145 (193_>. 
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TABLE I* 


Hydrogenation op Alkenes to Alkanes 


Compound 

Catalyst 

Tem¬ 

per¬ 

ature, 

°C. 


Amt. 

of 

Com¬ 

pound. 

moles 

Time, 

min. 

Ref. 

Typo t 

Amt.. 

g- 

Sol¬ 

vent 

(CHj)jC CHCII*. 

PtO, 

ra 

EtOH 

25 

3 

tm 

6 

59 

C*H»CH—CH,. 

PtO, 

0.1 

EtOH 

25 

3 

0.1 

9 

59 

(CiHj)-C=CH : . 

PtO, 


EtOH 

25 

3 

0.1 

10 

59 

C.H $ CH—CHC.H* (Iran,).. 

PtO, 


EtOH 

25 

3 

141 

38 

59 

C*H»CH=CHC.H t (Iran,).. 

PdO 


EtOH 

25 

3 


09 

59 

C*H $ CH=-CHC*IL (Iran,).. 

Ni (k) 


C,H l4 

20 

3 

0.1 

SO 

50 

C.H»CH=CHC«H, (Iran,).. 

N »(*) 


c,h 14 

20 

30 

0.1 

35 

50 

CsHsCH—CHCsH» (frans).. 

Ni (k) 


c,h 14 

E.X 

90 

0.1 

15 

50 

(CsHs)jC—C(C.IL),. 

PtO- 

0.2 

EtOH 

25 

3 

0.02 

300 

— 

(C.Hs),C—C(C.Hs),. 

CuCr,0 4 

1.0 

C:H U 

150 


0.04 

15 

50 

C H j»CH (CH a) »CO,H. 

PtO, 

y 

EtOH 

25 

3 

0.1 

1.5 

59 

OH 

/ A 









CHjO^ \jH,CH=CH,. 

PtO, 


EtOH 

25 

3 

0.1 

3.5 

59 

OH 

/ -a 









CH,0^ JC11=CII— CH, 

PtO, 

0.1 

EtOH 

25 

3 

0.1 

10 

59 

CsIUCH—CHCOOH (irons) 

CuCr,0 4 

2.0 

C,H, 4 

175 

100 

0.24 

20 

02 


• Till- «la(n in this tablo and subsequent tobies in this chapter ore taken from specific experiments 
by many different investigators. Since there ore so many vorublo Inctors no significance should oo 
at (ached to small differ, .ccs. The data ore intended to serve os o guide to illustroto tho gcuerol 


t In this and oil subsequent tables the nature of the catalyst is indicated by the following abbrevi¬ 
ations: 

PtO, •» platinum oxide catalyst, p. 784. 

Pt(Coll) - colloidal platinum catalyst, p. 783. 

PdO - palladium oxide catalyst, p. 780. 

IM(BaSOi) - palladium supported on barium sulfate, p. 786. 

Pd(C) — palladium supported on Norite, p. 786. 

Ni(R> - nickel prepared from Honey nickel-aluminum alloy, p. 788. 

Ni(fc) - nickel supported on kicsclguhr. p. 78S. 

Cu0r,O 4 • copper chromite catalyst, p. 7SS. 


The cis forms of ethylenic compounds arc usually more rapidly 
hydrogenated than the Irons isomers. For example, Paal 63 has shown 
that the cis forms of the following compounds are more rapidly reduced 
than the trans forms. 


M Adkins and Connor, ibid., 63. 1091 (1931). 

•» Paul and Schicdowit*. Brr.. 60, 1221 (1927); 63, 7G6 (1930). 
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CIS 

Maleic 

Oleic 

Crotonic 

Stilbenc 

m-o-Ethoxycinnamic 

Erucic 


Irons 

Fumaric 

Elaidic 

Isocrolonic 

Isoslilbeoc 

Irons -o-Ethoxycinnamic 
Brassidic 


The catalytic reduction of tetrasubstitutcd olefins, such as dimethyl- 
fumaric and dimethylmalcic acids, leads to the production of diastereo- 
isomeric products. A study of the hydrogenation of the sodium salts of 
the above acids has shown that by proper choice of experimental condi¬ 
tions either cis or trans addition of hydrogen may be made to occur. * 


CH.-C-COOH h COQH 

CH J C COO II \ CHj _i_ COO H CHj—C—H 

+ I 

CH,—C—COOH CH,—C—COOH 

CH,—C—COOII / I J. 

II H ” 

HOOC—C—CHj 

Similar results were obtained with 2,3-diphenyl-2-bu,ene. Catalytic 
hydrogenation in the presence of platinum black of dnsobutcnyl leads 
to st/m-diisopropy lethylenc. 

(CH,),C-CH-CH-C(CH,), -• (CH,),CH-CH-CH-CH(CH,) S 
Isoprene upon treatment with one mole of hydrogen and platinum black 


produces a mixture. 6 * 


CHj 

I 

CHj=C—CH=CIl2 


CII, 

CJI,—CH—CH=*CHj 
CH, 

CHj-*C—CH,—CH, 
CH, 

CH,—C=*CH—CH, 
CH, 


12% 

13% 

15% 

CH,—CH—CHjCH, 
CII, 

CHf=C—CH=CH2 

30%> 

30% 


64 Ott, Schr5U?r, and Bohr. Bcr.,61. 2124 
“ Ixjbodev and Yokubchik. J. Chcm. Soc.. S-3. 2190 (19^). 
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1,3-Butadiene, piperylene, and diisopropenyl also yield similar 
mixtures. 

Olefinic bonds which are conjugated with a keto or carboxyl group 
arc reduced more slowly than isolated double bonds. 

1 he 7 ,6-double bond in sorbic acid is more readily reduced than the 
a /3-conjugated bond. Although a mixture of hexenoic acids is obtained 
the a, ^-predominates. 68 

ch 3 ch«=ch—ch—chco 2 h ch 3 ch*ch,ch=chcooh 

The hydrogenation of unsaturated glycerides proceeds in an interest¬ 
ing stepwise manner. Reduction of glyceryl trilinoleate with nickel on 
Jucsclguhr and hydrogen leads to nearly complete conversion to glyceryl 
trioleate (as and Irons forms) before the latter arc further hydrogenated. 

he production of the completely saturated fat, glyceryl tristearate, does 
not occur until the final stages of the hydrogenation. Moreover, triolein 
disappears more rapidly than the tristearatc is produced. These results 
are interpreted as indicating that only one double bond of the triolein is 
reduced during one contact with the catalyst/ 7 - The reduction sequence 

is nrobnb v M 


Trioleate -> Diolcomonostearatcs -♦ Mouooleodistearates 

Tristcarate 

Alkynes 

Acetylenic compounds arc readily reduced to the saturated alkane 
derivatives. This reaction is of little synthetic interest but is useful for 
structure proof. By using small amounts of catalyst and hydrogen at 
about 1 atmosphere pressure, and by interrupting the hydrogenation 
when one mole of hydrogen is absorbed, it is possible to obtain 70 to 90 
per cent yields of the corresponding ethylcnic derivative. 


It—CsC— H - 


!m> RCH—CHR RCIIjCH.R 


Recent work by Campbell and OConnor «* has shown that with 
pal ad mm ami Raney nickel the hydrogenation of a triple bond proceeds 

Pe. y . .rn , T l< ti ‘; n i M,fore ,he Knkage begins to be reduced. 

aul and Hilly and Thompson and Wyatt have obtained selective 
hydrogenation of certain alkynes to alkenes over an iron catalyst. 

(lTO3) P “ m,0r G “ UCy - ihlJ - " 187 Sac. (London). 30. 143 

J Am'cMn!' S " r - M,S tt»l Campbell and O’Connor. 

”■ V* 1 - t" r».l an,I Hilly. Hull. ch,,,,.. (5| 6. 21S (1039). 

(d) Thompson and Wyatt. J. .1 chr,„. Sac.. 62 -555 (1«M0) 
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Bourguel •• has shown that eleven acetylenic compounds uniformly 
produce the ciVethylenic derivative when treated with hydrogen m 
presence of colloidal palladium stabilized by starch 

R—C—H 

II 

R—C—H 


R—C=C—R 


Aldehydes 

Both aliphatic and aromatic aldehydes are rapidly reduced to the 
corresponding alcohol. _ RCH;OH 

When platinum is used, it Is necessary to add a trace of a ferrous salt m 
order to obtain complete reduction.*’ Some typ.cal reductions a.c shown 

in Table II. 

TABLE II 


Aldohydo 

Catalyst 

Solvent 

Type 

Amt. 

C*H»CHO . | 

PtOi 

0 23 

Alc.(Fe*‘ 

C«H »CHO. 

PdO 

0.23 

Air. 

C’aH .OHO 

Pd(BaSO«) 

2.5 

HOAc 

C«H»CHO. 

CuCnO* 

5.0 

C»H,t 

CH,(CH,HCHO ... 

PtO, 

0.23 

Alr.CFc* 

4 m f f 

CH,(CH,)»CHO.... 

Ni(K) 

6 0 

Cjllit 

CHiCHOHCHjCHO 

NiOk) 

2 0 

C »H•• 

Clucoao. 

Ni(fc) 

2.0 

II jO 



Tem¬ 

pera¬ 

ture. 

•c. 

Pres¬ 

sure. 

atm. 

Moles 

of 

Com¬ 

pound 

Time. 

min. 

Ref. 

♦> 

25 

3 

0.2 

20 

00 


25 

3 

0.2 

21 

28 


25 

1 

0 l 

57 

70 


ISO 

150 

07 

1 

62 

'♦) 

25 

3 

0 2 

30 

60 


150 

too 

2 5 

240 

62 


125 

100 

1.0 

liO 

71 


150 

100 

0. 1 

150 

72 


Unsaturated aldehydes are completely reduced o the - > 

alcohols unless special conditions are used to obtain selective«**«■»•?"■ 
In order to reduce an unsaturated aldehyde to an unsaturated coho 
with platinum, a trace of ferro is salt ,s added to promote reduction of 
the aldehyde group and also a trace of zinc acetate to inhibit the reduc- 

•* Bourgud. Bull. .o'. 'him.. (4) 46. 1007 (1020): </. Solkind and To.erin, J. Ru„. 
W « c “,r^d^^. U n m . «.«. « >07. (.023,: 46. ,680 (1024,. 

70 IloBcnmund and Jordan. Her.. 68. 100 

71 Winans and Adkins. J . Am. Chcm. Site.. I »•. AIV7U033). 

n Covert. Connor, and Adkins, ibid.. 64. 1661 (1932). 
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tion of the olefin linkage. In this way citral may be reduced to geraniol 72 
and cinnamaldeliyde to cinnamyl alcohol. 74 


CH 3 CH, 

I Pl (Hi) 

CHf—C=CH—CHj—CHj—C=CH—CHO Ft) .. Zn .7> 


ch 3 

CH 3 C=CH—CH; 


CH 3 

I 

-CH-—C=CH—CH 2 OH 


C(,H,CH=CH—CHO 


Pt(H t) 


Fa•*Zn 


7^ C e H*CH=CH—CH*OH 


The selective reduction of the olefinic linkage in an unsaturated 
aldehyde cannot be accomplished directly. Such unsaturated aldehydes 
can, however, be converted to the saturated aldehydes by first making 
the acetal, reducing the unsaturated acetal, and then hydrolyzing the 
saturated acetal. 

RCH=CHCHO RCH=CHCH(OCHj)t 

HC1 

H,|Pt 

RCHjCHjCHO + 2CHjOH RCH,CH,CH(OCH,) s 


This has proved to be the best method for converting furfural into 
tctrahydrofurfural. 7 * 

If the aldehyde group is attached to an aromatic nucleus, care must 
be taken that only one mole of hydrogen per mole of aldehyde is ab¬ 
sorbed. If this precaution is not taken the alcohol first produced may 
be reduced to a hydrocarbon. For example, with palladium and hydro¬ 
gen at 4 atmospheres, bcnzaldehyde and salicylaldehyde may be reduced 
to toluene and o-cresol 28 respectively even at 25°. The reduction of the 


CellsCHO 



C«II*CII 2 OII —> C«H*CH 3 


O CHOji, r^NCH 2 OH 

OH l^JoH Pd 



alcohol group to the methyl group is rather slow so that by stopping the 
reduction when one mole of hydrogen has been absorbed the alcohols 
may be isolated in good yields. 

7 * Adams and Garvey, ibid., 48. 477 (1926). 

74 Tuley and Adams, ibid., 47. 3061 (1925). 
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The catalytic reduction of furfural over platinum ox.de leads first to 
the formation of furfuryl alcohol.” Further reduction produces a mix¬ 
ture of tetrahydrofurfuryl alcohol, pentanediol-1,2 pentaned.ol-1,5, and 
n-amyl alcohol. Reduction of alkyl furyl carbinols likewise produces 
a corresponding series of reduction products. 




CHO 


o 


CHaOH 



CH-OH 

CHjCHtCH-CHCHjOH 

OH 

HOCHiCHiCHtCH-CHjOH 
CH 3 (CH 2 ),OH 

Furfural is rapidly and almost quantitatively hydrogenated to fur¬ 
furyl alcohol over copper chromite at 135-100 under 50 to lo° atmos¬ 
pheres of hydrogen. When nickel was used as a catalyst the furfur >1 
alcohol was contaminated with tetrahydrofurfuryl alcohol.- 


Ketones 

The carbonyl group of ketones is reduced more slowly at room tem¬ 
perature over platinum and palladium catalysts than m the case of alde¬ 
hydes. With nickel a temperature of 100= to 150° is usually necessary 
although Raney nickel induced the hydrogcnat.on of acetone and acoto- 
acetic ester” at room temperature. A temperature of 100 to 15 
under 50 to 150 atmospheres of hydrogen is usually advisable if copper 

chromite is to be used. 

If the carbonyl group Ls attached to a benzene nucleus the same care 
must be taken as with the aldehydes to prevent the fiwt-formed second- 
ary alcohol group being converted to a methylene group. If the carbony 
is attached to a pyrrole nucleus it has proved impossible to stop the 
hydrogenation of the carbonyl at the carbinol stage. 

The catalytic hydrogenation of ketones .s a process in which side 
reactions are seldom encountered and the yields of secondary alcohols 
obtained are well above 90 per cent for simple aliphatic ketones. Even 
with the aryl ketones yields of the order of 70 to 80 per cent are usually 
obtained. Examples arc given in Table III. 

7 * Kaufinann and Adams. ibid.. 45. 3029 (1923). 

7 * Piorco and Adams, ibid., 47. 1098 09*25). 

” Connor. Folkors. and Adkins, ibid., 63. 1091 (1931). 

71 Covert and Adkins, ibid., 64. 4110 (1932). 
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TABLE III 


Reduction* op Keto Groups to Secondary Alcohols 


Ketone 

Catalyst 

Solvent 

5 

Pres¬ 

sure. 

atm. 

Moles 

of 

Com¬ 

pound 

Time, 

min. 

Ref. 

Type 

Amt.. 

K* 

Acetone. 

Ni(fc) 

2 


125 

100 

1 0 

13 

72 

Acetophenone .. 

Ni(R) 

4 

C,H»OH 

110 

100 

0.4 

10 

79 

Henzophcnonc... . 

Ni(Ar) 

KB 

C,HjOH 

100 

100 

0.1 

60 

79 

(/•Camphor. 

CuCrj0 4 

Hi 

C,H»OH 

120 

150 

0.5 

lg>M 

80 

Benzoin. 

N»(*> 

2 

C*H*OH 

125 

100 

-■ J * 

60 

62 

Fructose . 

Ni(/r)... 


HjO 

150 

100 

0.1 

150 

72 

Ethyl aeeto- 









ucotato. 

Ni(*> 

2 

C;H»OH 

125 

100 



81 

Ethyl lovulinutv 

Ni(lr) 

■ 

C s iLOH 

100 

100 

ta 

y 

72 


0-Keto esters should be hydrogenated in an alcohol solution as other¬ 
wise a condensation product is obtained. For example, acetoacetic 
esters when hydrogenated without a solvent gave more than a 30 per cent 
yield of CH 3 CHOHCH 2 COOCH(CH 3 )CH 2 C 02 C 2 H 4 , while in alcohol, 
the yield of CH 3 CHOHCH 2 CO 2 C 2 H 5 was almost quantitative . 81 

Copper chromite and nickel for most ketones are equally satisfactory 
jus catalysts. Nickel is usually active at a somewhat lower temperature, 
but copper chromite is more selective in its action as illustrated in the 
hydrogenation of furfural. 

0-Diketones of the type RCOCH2COCH3 may be selectively hydro¬ 
genated to keto alcohols of the type RCOCII 2 CHOHCH 3 by limitation 
of the amount of hydrogen allowed to react. A more complete hydro¬ 
genation gives glycols. Certain substituted /S-diketones such as 
CeH 5 CO(TI(CH 2 CcH 5 )COCH 3 are cleaved by hydrogen so that about 
one-half of the diketone Is converted by hvdrogenolysis to benzaldehyde, 

1 -phonylbutanone-3, and 1 ,3-diphcnylpropanone-l .* 2 

The olofinic linkage is reduced more rapidly than the keto grouping; 
hence unsaturated ketones, such as mesityl oxide, benzalacetone, and 
benzalacctophenone are reduced first to the saturated ketones and then 
to the alcohols. 

RCH=CHCOR' RCH 1 CH.COR' RCH 8 CH-CHOHR' 

19 Adkins tf «/., unpublished work. 

5,0 Bowden nnd Adkins. J. Am. Chem. Soc.. 66. GS9 (1934). 

81 Adkins, Connor, nnd Cramer, ibid.. 62. 5192 (1930). 

(1939^ l>ra * Ut ‘ Ind Adkin9, **• 2609 (1934); Stutsman and Adldne, ibid., 61, 3303 
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Catalytic reduction with platinum or palladium has been shown to be 
an effective method for the synthesis of homologs of ephednne I he 
pure hydrochlorides of the amino ketones, dissolved m alcohol, are 
readily reduced to the amino alcohols with platinum oxide and hydro¬ 
gen at 3 atmospheres. 


ArCOCHR 

I 

NHR' 



ArCII—CHR 

I I , 

OH NHR 


Although two diastereoisomeric forms of the product are possible onlj 
one form was obtained. Thus, when Ar is phenyl, and R and R are 
methyl groups, catalytic reduction produces df-ephednne and not pscudo- 

CPh Hartung »* has found that a palladium-Norite catalyst and hydrogen 
reduced a-oximino ketones to the a-hydroxyoximes. However, in the 
presence of three equivalents of hydrochloric acid the a-hydroxy amines 

ArCH—C—CH, 

I II 

OH N— OH 



rj 

(3IIC1) 

Ar—CII—CH—CH, 

I I 

OH NH, 

were produced. When a-oximinoacetophenonc is reduced over pal¬ 
ladium •« or nickel, 86 the amino ketone is the first product; this under¬ 
goes self-condensation and dehydrogenation to produce diphcnylp> ra- 

zine. 


C«HfcCOCH=NOH -^ d L > C,HftCOCH,NH, - 

CH, 

/ \ 

C,H»—C N 

II II 

N C—C«Hk 

\ / 

CH, 


CH 

/ % 

C,IU—C N 


N C—C#H, 

\ ✓ 

CH 


M Hydo. Browning, and Adams, ibid.. 50. 2287 (1928). 

** Hartung, ibid.. 80. 3370 (1038): S3. 2248 ( 1 OT 1 ): H»rtu"g and Munrb. ,b,d.. 6L 
2202 (1020); Hartung. Munch. Dcakert. and Crowley. tbid.. 62. *.*17 (10*U). 

••Brown. Durand, and Marvel. » hid.. 58. 1504 (19»0>. 
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Halogen Compounds 

Busch and Stove 88 have shown that the halogen in many types of 
compounds may be quantitatively removed by treating an alcoholic 
potassium hydroxide solution of the substance at room temperature with 
a palladium-calcium carbonate catalyst and hydrogen at 1 atmosphere. 
The method has been proposed for the quantitative determination of 
halogen in organic compounds. Some typical examples are shown ii 
Table IV. 

TABLE IV 


Replacement op Halogen bt Hydrogen 85 


Compound 

Catalyst 

Solvent 

Tem¬ 

per¬ 

ature, 

# C. 

Pres¬ 

sure, 

atm. 

Amt. 

of 

Com¬ 

pound, 

g- 

Time, 

hr. 

Name 


Ethylene bromide. . .. 

Pd(CaCOj) 

rv 

Ale. KOH 

20 

1 

0.21 

1.0 

Chloroacetic acid. 

Pd(CaCOj) 

S3 

Ale. KOH 

20 

1 

0.28 

3.0 

Bcnzal chloride.j 

Pd(CaCOj) 

S3' 

Ale. KOH 

20 

1 

0.23 

0.8 

Tolanc tetrachloride. . 

Pd(CaCOa) 

S3: 

Ale. KOH 

20 

1 

0.19 

1.0 

Bromobcnzcne. 

Pd(CaCOa) 

13 

Ale. KOH 

20 

1 

0.26 

0.33 

2,4,6-Tribromophcnol. 

Pd(CaCOa) 

Kfl 

Ale. KOH 

20 

1 

0.18 

0.45 

m-Bromobenzoic acid.. 

Pd(CaCOj) 

1 

Ale. KOH 

20 

1 

0.20 

0.15 


With platinum oxide as a catalyst and alcohol as the solvent, a 
temperature of 50-70°, and hydrogen at 3 atmospheres, Brown, Durand, 
and Marvel 88 have shown that aromatic halogen compounds are dehal- 
ogenated and hydrogenated to the saturated cycloparaffins in 70 to 95 
per cent yields. 

Rosenmund 8< - 87 - “■ •** has developed a useful method for the synthesis 
of aldehydes by replacing the halogen of an acyl chloride by hydrogen in 
the presence of palladium catalysts on barium sulfate or kieselguhr. In 
order to prevent reduction of the aldehyde, a poison, “sulfurized quino¬ 
line” or thioquinanthreue is added. The reductions are usually carried 


RCOC1 + H, 


Pd(BaSO«) 
Quinoline + S 


■» RCHO + HC1 


89 Rosenmund and Zctzsche. Ber.. 54. 425 (1921). 

87 Rosenmund, Zctzsche. and FlQtsch, Ber., 64. 28S8 (1921). 

88 Rosenmund. Zctzschc. and Enderlin. Ber., 65. 609 (1922). 
89a Rosenmund. Zctzsche. and Wciler. Ber.. 56. 14S1 (1923). 
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out by passing hydrogen through a boiling toluene or xylene solution of 
the acid chloride in which the catalyst is suspended. 896 Some typical 
examples are shown in Table V. 


Compound 


C.H*CH,COCl. 

p-0,NCeH«COCl.... 

m-C,H,(COCl)i. 

p-C«H«(COCl),. 

ClCO(CU,)#COCI .. 
CICO(CIli)*COCl .. 
C*H »OC H *COCI. 

o-CIC«H«CII=CHCOCl 


TABLE V 

Aldehydes trom Acid Chlorides 


Catalyst 


Name 


Pd<BaSO«) 
Pd (*> 

Pd <*> 

Pd <*) 

Pd (*) 

Pd <*> 

Pd(BaSO«) 

Pd(BaSO«) 


Amt., c 


2.0 

0.5 

0.2 

0.5 

0.2 

1.0 

0.7 

0.7 


Amt. 

Sulfur- 

iscd 

Quin¬ 

oline. 

m*. 

Solvent 

Bath 

Temp., 

•c. 

Amount 

of 

Com¬ 

pound. 

S- 

Time. 

hr. 

lief. 

10 

Toluene 

115 

2.3 

4.0 

86 

10 

Xylene 

150 

3.0 

2.5 

82 

2 

Xylene 

150 

2.0 

4.0 

87 

0 

Xylene 

150 

20 

32.0 

87 

2 

Xylene 

150 

4 

6 

87 

1 

Xylene 

150 

10 

15 

88 

15 

Xylene 

133 

2 

3.5 

80 

25 

Xylcno 

125 

4 

4.2 

80 


Nitriles 


The hydrogenation of nitriles in neutral solution results in the forma¬ 
tion of a mixture of primary and secondary amines. The reduction 
apparently proceeds in a stepwise fashion through the ald.mme. The 

RCN -51.» RCH-NH —> RCH.NH. 

aldimine reacts with the primary amine in the same fashion as an aide- 
hyde, leading to the SchifPs base 


NH, 

RCH—NH + RCH,KH, —> RCH—NHCHiR —* RCII,N—CHR + NHa 

which then undergoes further reduction to the secondary amine. 98 - ” 

RCH*N—CIIR + Hi — (RCH,),NH 

At temperatures above about 100° the primary amine may also lose 
ammonia to produce the secondary amine. 9 ' 

2RCH,NIf, — (RCH-)sNH + NH, 


” 6 Org. Sun.. 21. 84. 110 (1041). 

• # von Braun, Blcaaing. and Zobel. Her.. 66 - J 9 *® 

*• Winana and Adkina. J. Am. Chem. Soc.. 64. 300 (1932). 
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When platinum oxide is the catalyst the percentage of primary 
amine may be increased by using glacial acetic acid as the solvent. With 
acetic anhydride as the solvent, yields up to 88 per cent of the acetylated 
primary amine may be obtained. 92 High yields of the primary a m i n e 
may be obtained by using palladium-Norite catalyst 93 and adding one 
equivalent of hydrochloric acid to the alcohol used as a solvent. 

If nickel is the catalyst, the above modifications cannot be used since 
acids attack the finely divided nickel. In order to increase the yield of 
primary amines when nickel is the catalyst it is desirable to carry out 
the reduction as rapidly as possible and to dissolve some anhydrous 
ammonia in the solvent in order to repress the reaction of the aldimine 
with the already formed primary amine. 91, 94, 96 In general, the hydro¬ 
genation of a nitrile over nickel should be carried out at 100° to 150°. 
The yield of primary amine should then be 70 to 90 per cent. Some 
typical reduction data on nitriles are given in Table VI. 


TABLE VI 


Redocton ok Nitriles 


Compound 

Catalyst 

Solvent 

Temp.. 

•c. 

sure. 

atm 

Moles 

of 

Com¬ 

pound 

Time. 

br. 

Composition 
of Product 

Ref. 

Kamo 

Amt.. 

«• 

% 

Primary 

Amine 

% 

Secondary 

Amino 

Bcnzonitrile. . 


0.8 

Alts. ale. 

23* 

3 

0.4 

21 

21 

70 

02 

Bcnzonitrile. . 


0.6 

HOAc 

25 

3 

0.4 

mm 

62 

38 

02 

Bcnzonitrilo. . 


0.45 

AcjO 

25 

3 

0.2 

m3 

67 


02 

o-Tolunitrilo.. 


0.5 

A©zO 

25 

3 

0.2 

10 

04 • 


02 

p-Tolunitrile.. 


0.24 

AcjO 

25 

3 

0.2 

6 

88* 

...... 

02 

Phenylnreto- 


1.2 

AcjO 

25 

3 

0.2 

22 

63 • 


02 

Bcnzonitrile. 

Pd (C) 

Ale. + 

25 

1 





03 



IIC1 


i 


wm 




Btnzonitrlle.. 

Pd(BaS0 4 ) 

... 

HOAc 

25 

1 

.... 




06 

Phenylnccto- 


... 

HOAc 








uitrilc. 

Pd(BaSO«) 


+ HC1 

25 

1 



73 


06 

Vnleronitrilo.. 

Ni(R) 

20 


125 

100 

4.8 


67 

16 

04 

Benzonitrile. .1 

Ni <R> 

20 

• ••••• 

150 

100 

5.3 

■33 

75 

10 

04 

wTolunitrilo . J 

Ni (*) 

2 


125 

100 

0.33 

2.5 

00 


07 

__ 


• Ae N-subetitutcd acylamide. 


” Carothors and Jones, ibid., 47, 3051 (1925). 

’* Hartung, ibid., 60. 3370 (192S). 

* 4 Schwoeglcr and Adkins, ibid., 61. 3499 (1939). 

** Howk, U. S. pat., 2.1GG.151 (July 18. 1939) (C. A., 33 . 8211 (1939)]. 

Rosenmund and Pfankuch, Ber., 66. 2258 (1923). 

* 7 Adkins and Crumcr. J. Am. Chem. Soc., 62. 4349 (1930). 
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Oximes 

With oximes, as with nitriles, secondary amine formation may occur 
to a large extent when hydrogenation Is carried out in neutral solvents. 
Hartung and his co-workers •«* M have recommended the addition of 
three or more equivalents of hydrogen chloride to the alcoholic solution 
of the oxime and report high yields of the primary amine by hydrogena¬ 
tion under these conditions. Glacial acetic acid has also been used as a 
solvent. Hydrogenation of the oxime acetate may give a higher yield 
of the primary amine than hydrogenation of the free oxime. ‘ The 
reduction of a-oximino ketones has been discussed under ketones (p. 807). 

The oximino group reacts with hydrogen over mekcl under milder 
conditions than other functional groups with the possible exception of 
certain alkencs and imines.” It is not unusual for the reaction of an 
oxime with hydrogen over Raney nickel to begin at room temperatures 
Since the reaction is quite exothermic, the temperature of the bomb and 
contents frequently rises to 40° or 50° without any external heating. It 
is probably desirable in the use of Raney niekel with oximes to keep the 
temperature of the reaction mixture below 80 . This is especially 
important with a-oximino ketones, from which resinous products are 
formed at higher temperatures. 

With the simple oximes the only side reaction of any consequence is 
the formation of secondary amines as ill the case of the cyanides, l.c., 
through the interaction of primary amine and the intermediate .mine. 

There is a good deal of variation in the proportion of primary anil 
secondary amines formed from different oximes. In some eases the 
yield of primary amine was almost quantitative, as from the oximes o 
benzophenone and camphor, while in one or two instances he yield of 
primary amine was as low as 40 to 42 per cent. It » probable that wit 
a few exceptions the yield of primary amine can be held at least as high 
as 70 to 80 per cent, with 20 to 15 per cent of secondary amine 

A number of oximino ketones and oximino esters are readily hydro¬ 
genated, but open-chain amines arc not obtained because the am.no 
ketone or amino ester just formed reacts with the formation of a pyra- 
zinc or pyrrolidonc.’- For example, the monox.mc of benz.l gave a 
42 per cent yield of tctraphcnylpyrazinc when hydrogenated over Raney 
nickel under 150 atmospheres of hydrogen at 70 to 90 . 

.IV a 


Ph 


O NOH 

II II 

-c—C—Ph 


U, 

Ni(K) 


/ N X 

Ph—C C—Ph 

II I 

Ph—C C—Ph 

W 


»• Winnns nnd Adkins, ibid.. 65 . 2061 (1933). 
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Aldimines and Ketimines 

Aromatic aldehydes condense with primary amines to produce 
aldimines or Schiff bases. These may be hydrogenated at 25° and 3 
atmospheres pressure in the presence of platinum oxide to produce the 
secondary amines in good yield." Buck 100 has described the synthesis of 

ArCHO + RNH 2 —► ArCH=N—R + H 2 0 

H \[ Pt 

AtCH 2 —NHR 

a series of substituted di-03-phenylethyl)-amines and benzyl 0-phenyl- 
ethylamines by this method. 

Since aliphatic aldehydes condense with aryl amines to produce 
polymeric condensation products it is usually not possible to obtain the 
Schiff bases. However, by treating an alcoholic solution of a primary 
aryl amine and an aliphatic aldehyde with hydrogen and Raney nickel 
in the presence of sodium acetate it is possible to obtain 50-65 per cent 
yields of alkyl aryl amines. 101 

Hydrazones, Semicarbazones, Ketazines, Hydrazo. and Azo Compounds 

Hydrazones and ketazines have also been hydrogenated by means 
of platinum, palladium, and nickel catalysts. The reduction may stop 
with the formation of the hydrazine or hydrazo compound or may con¬ 
tinue by cleaving the nitrogen to nitrogen bond to form primary amines. 
Bailey and his co-workers, ,02 - IM - ,04 - l05, ,oft * 107 who used Skita's colloidal 
platinum catalyst, report that the reduction is greatly facilitated by the 
presence of a quantity of hydrochloric acid sufficient to form the salt of 
the hyd.. ?o compound which is formed. Table VII contains some typi¬ 
cal examples. 

Tht hydrogenation of semicarbazones to semicarbazides is success¬ 
fully accomplished under the proper conditions. Bailey and his co¬ 
workers 104 have used a colloidal platinum catalyst prepared with gum 
arabic by Skita's method. Hydrochloric acid must be present for suc- 

• 6 Hupc and Model. Hclc. Chim. Acta., 6. S7S (1923). 

100 Buck, J. Am. Chetn. Soc., 63. 2192 (1931). 

» 0 ' Emerson and Walters, ibid., 60. 2023 (193S); Emerson and Robb, ibid., 61. 3145 
(1939). 

101 Lochtc, Bailey, aud Noyes, ibid., 43. 2597 (1921). 

,0> Lochto, Noyes, and Bailey, ibid.. 44. 255G (1922). 

104 Neighbors. Foster. Clark. Miller, and Bailey, ibid., 44. 1557 (1922). 

104 Harkins and Lochto. ibid., 46. 450 (1924). 

,0# Schulzo and Lochto. ibid., 48. 1030 (1920). 

107 Both and Bailey, ibid., 46. 3001 (1923). 



TABLE VII 

Reduction op Htdrazones and Ketazines 


CATALYTIC 
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cessful reduction. Taipale and Smirnoff, 108 who have used the Low- 
Willstatter platinum black catalyst, report successful reduction in 
neutral alcohol solutions but faster reduction in glacial acetic acid. 
Examples are tabulated in Table VIII. The yields of semicarbazides 
isolated ranged from 76-95 per cent. 

TABLE VIII 


SEMICARBAZONES TO SEUICARBAZIDE8 


Compound 

Catalyst 

Solvent 

Temp., 

Pres¬ 

Amount 
of Com¬ 
pound. g. 

Time, 

Ref. 

Semicarbazono of 

Type 

Amt., g. 

•c. 

sure, 

atin. 

hr. 

Acetone.., 

Pt (coll.) 

0.5 

33% 
CHjOH 
+ HC1 

20 

2.3 

50 

0 

107 



Bcnzaldchydo. 

Pt (coll.) 

0 5 

33% 
CHjOH 
+ HC1 

20 

2.3 

25 

2.6 

107 

Camphor.. 

Pt (coll.) 

1.0 

33% 
CH,OH 
+ HC1 

20 

2.3 

10 

20 

107 


Cnrvomenthone. .. 

Pt (coll.) 

0.5 

33% 
CHjOH 
+ HC1 

20 

2.3 

50 

5 

107 

Cyolohexauone. ... 

Pt (coll.) 

0 5 

33% 
CH.OH 
+ HCI 

20 

2.3 

50 

3 

107 

Mcnthono. 

Pt (coll.) 

0.5 

33% 
CHjOH 
+ HCI 

20 

2.3 

50 

2.7 

107 

Acetaldehyde. 

Pt 

W y* m 

HOAc 

20 

1 

•> 

3 6 

10S 

108 

Propionaldchyde... 

Pt 

1.0 

CHjOH 

IS 

1 

2.9 

12 







Azobenzenc is rapidly reduced by hydrogen and colloidal palladium 
at room temperature and 1 atmosphere pressure. If the reduction is 
stopped after one mole of hydrogen has been absorbed hydrazobenzene 
may be isolated. Further reduction yields aniline. 109 

CflH*N=NC 6 H* -> C«H*NHNHC.H* — 2C fl H 6 NH 2 
A few other azo compounds have been studied. 96, 108 

,0 * Taipale and Smirnoff. Ber.. 56. 1794 (1923). 

109 Skita. Ber., 45. 3312 (1912). 
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The nitrogen to nitrogen bond in azobenzenc, diazoaminobenzene 
the azo dyes, and phenylhydrazones is cleaved by hydrogen over nickel 
catalysts at 75-125°. The corresponding amines have been isolated in 

good yields. 71 * “• 98 

Nitro Compounds 

The nitro group undergoes catalytic reduction with great ease in the 
presence of the hydrogenation catalysts. The reaction >s highly exo¬ 
thermic, and caution must be exercised in reduc.ng n.tro compounds to 
avoid excessively high temperatures. The amounts taken for reduction 
should be limited or the reducing bomb provided with an adequate cool- 

‘" B Nitrobenzene, m-dinitrobenzene, p-nitrophenol, 3,3'-<linitrobiphenyk 
and nitrocymcnc, for example, have been ahnost quantitatively reduced 
to the corresponding amines over Raney nickel at 7o to 12., . he 
hydrogenation of nitro compounds - should be earned out m an alco¬ 
holic solution in order to maintain the homogeneity of the solution even 
after all the oxygen of the nitro group has been converted to 

Raney nickel may react with a nitro compound with the formation of 
nickel oxide and azo and azoxy compounds." Raney nickel has been 
used under 2 to 3 atmospheres pressure for the reduction of nitrobenzene 
arsonic acids •“ to the corresponding aminobcnzcnc arsomc acids. 

Both aromatic and aliphatic nitro compounds arc smoothly reduced 
to the primary amine. When aliphatic n.tro compounds are reduced in 
aqueous oxalic acid with hydrogen and palladium on barium sulfate the 
hydroxylamine oxalates may be obtained in 70-98 per cent yields- 
Table IX contains some examples of the reduction o n.tro con'p'mnds. 

Nitro compounds may be rcduct.vcly alkylated with aldehydes or 
ketones in the presence of hydrogen and a catalyst ... ord « » H»™ 
nitrones, substituted hydroxylamincs secondary amines, and in a few 
cases tertiary amines. Reduction of a mixture of .“ 'obenzeno nd 
benzaldehyde with platinum and hydrogen yields the nitrone > ca¬ 
tion of the nitrobenzene to pl.enyll.ydroxylam.nc and condensation with 
the benzaldehyde. 

C«H$NO* + 211, —> C«II*NIIOH + H a O 


CeHftNlIOH + CellkCIIO 


CtlUN- 

1 

O 


CHC.m + h,o 


no Adkins. -Reaction, of Hydrogen, etc." p. 05. University of Wisconsin Press 

Madison (1037). _ woa 

S to vinson and Hamilton. J. Am. < hem. .W.. W. >208 0035). 

»« Schmidt. Aschcrl. and Mayer. lUr.. 68. -430 (10-5). 
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TABLE IX 


Reduction of Nitro Compounds 



Catalyst 



Temp., 

•c. 

Prca- 

Amount 

of 

Time. 

min 



Compounds 

Typo 

Amt . 

C- 

Solvent 

aure. 

atm. 

Com¬ 

pound, 

moles 

Product 

Ref. 

Nitrobenzene. 

PtO, 

0.2 

Ale. 

25 

3 

0.1 

11 

Anilino 

113 

o-Nitrotoluene.... 
Methyl j>-nitro- 

PtO, 

0.2 

Ale. 

25 

3 

0.1 

11 

o-Toluidino 

113 

benzoate. 

PtO, 

0.2 

Ale. 

25 

3 

0.1 

11 

Methyl p- 

Aminobcn- 

sonto 

113 

p-NitrophcnoI... ., 

p-Nitrochloro- 

PtO, 

0.2 

Ale. 

25 

3 

0.1 

11 

p- Amino- 
phenol 

113 

benicno. 

PtO, 

0.2 

Ale. 

HjO + 

25 

H 

0.1 

grama 

11 

p-Chloro- 

anilino 

113 

Nitromethnnc.... 
l-Nitro-2- 

Pd(DaSO«) 

1 

h,c, 04 
HzO + 

25 


0.1 

8 


112 

propnnol. 

l-Nitro-2- 

Pd(BaSO«) 

2 

h,c,o« 
h,o + 

25 


10.6 

15 

Substituted 

112 

butanol. 

l-Nitro-2- 

Pd(DoSO«) 

1.3 

HtCtO, 
BtO + 

25 

□ 

6 

7 

. hydroxyl- 
amino 

112 

oetanol. 

l-Nitro-3- 

mcthyl-2 

Pd(BaSO«> 

1 

UtCtO* 

H,0 + 

25 


4.4 

0 

oxnlato 

112 

butanol. 

2-Nitro- 

propnndiol- 

Pd(BoSO«) 

2 

HjC,0« 

u«o + 

25 

i 

0.5 

20 


112 

1.3. 

Pd(BnSC)*) 

4.8 

HjCjO, 

25 

i 

4.8 

* * 

Amino 

oxnlato 

114 


Further reduction of the nitrone produces the substituted hydroxyl- 
amine . 116 

C,Hs—N—CHC.H, + H, C.H.N—CH,C,H S 


Major 116 found that reduction of p-nitrophcnol in acetone solution 
with hydrogen and platinum produced p-hydroxy-N-isopropylaniline. 
Bcnzaldehyde and ;>-nitrophenol gave p-hydroxydibenzylaniline, and p- 
nitroaniline and acetone produced N,N-diisopropyl-p-phenylenediamine. 

Yields of 31 to 96 per cent of N-alkvl arylamines may be obtained 
by dissolving the aromatic nitro compound in 95 per cent ethanol con¬ 
taining sodium acetate, adding the aliphatic or aromatic aldehyde and 

113 Adams, Cohon. and Rccs. J. .4m. Chem. Soc.. 49. 1093 (1927). 

1,4 Schmidt and Wilkondorf. Her., 62. 3S9 (1919). 

115 Vavon and Crajcinovic. Compt. rend., 187, 420 (192S). 

1,4 Major, J. Am. Chem. Soc., 63. 1901. 2S03. 4373 (1931). 
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Raney nickel, and shaking the mixture with hydrogen at 3 to 4 atmos¬ 
pheres pressure. 117 

Aromatic Nuclei 


119 


Platinum black- '* colloidal platinum and platinum oxide 
have been used as catalysts for the reduction of benzene and its deriva¬ 
tives. Adams and Marshall - have found that glacial acetic acid is a 
better solvent for reduction of the aromatic nucleus than alcohol when 
platinum oxide is the catalyst. Generally the reductions required 
several hours. Brown, Durand, and Marvel “ have found that addition 
of a small amount of hydrogen chloride to the alcoholic solution of the 

hydrocarbon promotes the reduction. b 

When platinum oxide is the catalyst aromatic amines are best 
reduced in the form of their hydrochlorides- Also pyridine derivatives 
are reduced faster as their hydrochlorides in absolute alcohol solution 
than as the free bases.- Heckel and Adams have prepared the amino 

cyclohexanols by reduction of aminophenols. 13 

In Table X some examples of the reduction of aromatic compounds 
arc given. It will be noted that many of these require considerable time 
for completion. It has been found that Raney nickel and nickel on 
kicselguhr will effect the reduction of aromatic nuclei much more rapidly. 

Nickel is the most satisfactory catalyst for the hydrogenation of the 
benzenoid nucleus.- Benzene, toluene, other alkylbenzenes, phenol, 
cresols, and other alkylphcnols, dihydric phenols di- and tnplienyl- 
methancs, di-, tri-, and tetrapheny let banes, biphenyl, naphthalene, 
alkyl.,aphthalencs, and many other derivatives of benzene, naphtha¬ 
lene, anthracene, phenanthrene, etc., have been quantitatively saturated 
with hydrogen at temperatures from 100” to 200“ A hydrogen pressure 
of 100 to 300 atmospheres is desirable but not always necessary. The 
exact temperature and time required vary with the structure and purity 
of the compound and the activity of the catalyst In most instances 
complete hydrogenation enn be accomplished within a few hours at a 

maximum temperature of 200°. , 

The aromatic nucleus in such compounds as aniline, d.phenylamme, 


»» Emerson and Mohrman. ibid.. 62. f.O O'-MO). /.<».*»» 

m Skit* and Moyer. Her.. 46. 35S0 (1912); *k.ta and Schneck. Iter.. 56. 144 (19..). 
Adams and Marshall. J ■ A at. Ch.m &*.. 60. 

Hicrs and Adams, ibid.. 49. 1099 (1927): Her.. 59. 102 (1926). 

>«• Hamilton and Adams. J. Am. Chem. &*.. 60. 2200 0928). 

»*« Heckel and Adams, ibid.. 47. 1712 (1925). 

»*• Durland and Adkins, ibid.. 69. 135 (1937); 60. loOl (1938). 

»** Signaigo and Adkins, ibid.. 68. 709 (1930). 

•** Adkins. '■Reactions of Hydrogen. -*~ 

Madison (1937). 


etc.." pp- 50-02. University of Wisconsin Tress 
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TABLE X 


Reduction op Aromatic Nuclei 



Catalyst 


Tem¬ 

1 

Amount 

of 

Com¬ 



Compound 

Type 

Amt., g. 

Solvent 

perature. 

°C. 

sure. 

atm. 

pound. 

Moles 

H 

Ref. 

Benzene. 

PtO, 

■sx 

HOAc 

25 

3 

0.2 

2 

119 

Toluene......... 

PtO, 

121 

HOAc 

25 

3 

0.2 

2.7 

119 

m-Xylene.. 

1 

C$1 

HOAc 

25 

3 

wsm 

21 

119 

Mcsitylene. 


Egfl 

HOAc 

26 

3 

0.2 

8.5 

119 

Diphenyl met lm lie 


Ml 

HOAc 

25 

3 

0.1 

7.0 

119 

Triphonylmothano 

PtO, 

0.8 

HOAc 


3 

0.03 

48 

119 

Phonylacetic aeid 

PtO, 

0.2 

HOAc 

25 

3 

0.1 

5.5 

119 

Cymonc. 

PtO, 

0 I 

Ale. HCI 

70 

3 

0.1 

2.6 

85 

Biphenyl. 

PtO, 

0 1 

Ale. HCI 

70 

3 

0.1 

10.0 


Dimcthylnniline 
hydrochlorido. 

PtO, 

0.94 

Ale. 

50 

3 

0.1 

n 

120 

Diphcnylamino 
hydrochloride . . 

PtO, 

0 25 

Abs. Ale. 

50 

3 

0 1 

m 

120 

Pyridine hydro¬ 
chlorido . 

PtO, 

0.5 

Abe. Ale. 

25 

3 

0 1 

0.5 

121 

Toluene. 

N»(R) 

10 

• •••••• 

175 

100 

1.3 

0.1 


Mcsitylene. 

Ni(A) 

3 

. 

200 

100 

0.5 

4 


Diphenyl methane.. 

Ni(Ar) 

2 

C,H»OH 

150 

100 

0.1 

7 

55 

Biphenyl. 

N«(A) 

2 

C,H»OH 


100 

0.17 

5 

65 

Phcimntlironc. 

N»(U) 

5 

C»Hu 

250 

200 

0.25 

8 

123 

Phenol. 

Ni(Ar) 

2 

. 

150 

100 

0.5 

3 

97 

Diphenyl ether_ 

N»<*) 

2 

••••••• 

150 

100 

0.17 

4 

97 

Ethyl benzoate- 

Ni(Ar) 

s 


190 

100 

2.0 

1 

01 

Aniline. 

Ni(Ar) 

5 

. 


100 


9 

97 

Quinolino. 

Ni(f?) 

5 

. 

200 

100 

0.41 

4 

97 

1-Phenyl pyrrole... 

CuCr,0« 

5 

. 

240 

150 

0.10 

2.5 

124 


triphcnylaminc, ethyl benzoate, diethyl phthalate, diethyl-l,l'-diphen- 
ate, ethyl y-phenvlpropionate, and 3-phenylpropanol-l have also been 
hydrogenated under similar conditions. Aromatic ethers may likewise 
be hydrogenated fairly satisfactorily, although in many cases hydro- 
genolysis occurs. This type of reaction is discussed in more detail later 
in this chapter. 

In general, it is not feasible to hydrogenate alcohols of the benzyl 
t^'Pe since these compounds readily undergo hydrogenolysis to hydro¬ 
carbons. 

CeH&CHjOII + II, -> C.H*CH, + H.O 

Spielman and Docken «• observed that the hydrogenolysis of a diaryl 

'** Spielinan and Dockcn. unpublished results. 
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pinacol took another course. With copper chromite at 200° as the 
catalyst, n-propylbenzene was produced by hydrogenolysis of 3,4-di- 
phenyl-3,4-hexanediol. 


c 2 h» c 2 h* _ 

CHrirO 


2<^~^CH-C«H t 


In general, copper chromite is not active for the hydrogenation of 
simple aromatic rings. For that reason it is very valuable as a catalyst 
for the partial hydrogenation of naphthalene,phenanthrene, - 
anthracene, quinoline, 41 phcnylpyrroles, 1:4 indoles,•« and acridine. 
For example, tetralin and dihydrophenanthrene are readily obtained 
by the partial hydrogenation of naphthalene and phenanthrene, respec 

tl ' e The pyridine ring may be hydrogenated over nickel under the same 
general conditions ns the derivatives of benzene. Many derivatives of 
piperidine have been so prepared from the corresponding derivatives of 

pyridine. 131 . 

The pyrrole nucleus, unless it carries a carbcthoxy group on the 
nitrogen, is extremely resistant to hydrogenation." 4 - ,E “ In general, 
temperatures of 200° to 250° are required with a nickel catalyst Pyr¬ 
role itself and the alkyl pyrroles are hydrogenated under these conditions 
to pyrrolidines in good yields. However, the pyrroles carrying a car¬ 
bcthoxy group in the 2-, 3-, •»-. or 5-position arc likely to be so resistant 
to hydrogenation that the carbcthoxy group is converted to a methyl 
group before the ring is hydrogenated. Pyrroles carrying a carbcthoxy 
group on the nitrogen an- more readily hydrogenated than many deriva¬ 
tives of benzene. For example, 1 . 3 -dicarbethoxypyrrolc has been con¬ 
verted rapidly to the corresponding pyrrolidine at a temperature of -0 
over Raney nickel. N-Alkylp.vrroles and their derivatives are slowly 
reduced with hydrogen and platinum at room temperature provided that 
oxygen is excluded and the catalyst is reduced separately. 1 ” 4 

Adkins and Re id. J. Am. Chrm. Sat.. 63. 741 
>*• Burger and Moaottig. ibid.. 67. 2731 (1035); 58. 1*57 IWM). 

•** van do Hump and Moaottig. ibid.. 67. 1107 (10.15). 

Ad kin# and Coonradt. ibid.. 63. ISG3 (1941). 

»« Adkins. Kuirk. I-arlow. and Wojcik. ib,d.. 66. 242SJ HM4). 

•**(a) Rainey and Adkins, ibid.. 61. 1101 (1030). (6) fcohl and M.r.ner, tb,d.. 65. A*-S 
(1033). 
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HYDROGENOLYSIS 
Hydrogenolysis of Alcohols 

Reactions of the type ROH + H 2 —* RH + H 2 0 take place readily 
only if R contains a phenyl, pyrryl, fury*, pyridyl, hydroxy, carbonyl, or 
carbalkoxy group. The reaction takes place readily when an alcohol, for 

i i i 

example, has the structure —C=C—C—OH where the double bond is 

i 

resistant to hydrogenation as in benzyl alcohol. This alcohol is con¬ 
verted almost quantitatively to toluene over nickel at 100° to 125°. 
Similarly, mandelic ester yields phenylacetic ester when hydrogenated 
at 175° over nickel. 133 

C«H*CHOHCO,C,H t + H 2 — C 6 H*CH 2 C0 2 C 2 H 5 + H 2 0 


o-Benzoylbcnzoic ester is converted to o-benzylbenzoic ester over 
copper chromite at 200°. The alcoholic hydroxyls in substituted benzyl 
alcohols such as in 



and di- and tri-aryl carbinols are readily replaced by hydrogens over 
copper chromite. 133 Acyl pyrroles such as 




arc converted to alkyl pyrroles 124 over either copper chromite or Raney 
nickel. The furan ring has a similar though less marked effect in labil- 
izing hydroxyl groups toward hydrogenolysis, because the furan ring is 
more readily hydrogenated than a benzene or pyrrole ring, and thereby 
the lnbilizing effect of the unsaturated linkages is lost.' 34 Methylfuran 
has been obtained from furfuryl alcohol over copper chromite at 200°. 
If the aromatic nucleus is more distant from the hydroxyl group as in 
phenylethyl alcohol the replacement of hydroxyl by hydrogen does 
not occur so readily as in the benzyl alcohols but nevertheless consti- 

Adkins. Wojcik. and Covert, ibid.. 55. 1GG9 (1933). 

134 Burdick and Adkins, ibid.. 66. 43S (1934). 
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tutes an important side reaction when an attempt is made to hydrogenate 
the nucleus. 

Copper chromite is in general more effective than nickel as a catalyst 
for hydrogenolysis of compounds of the types discussed just above. This 
is true because it is less active for the saturation of the unsaturated 
linkages upon which the labilization of the carbon-to-oxygen linkage 

depends. . 

Hydroxyl groups have a labilizing influence upon carbon-to-oxygen 

linkages, similar to that manifested by carbon-to-carbon double bonds 
This effect is particularly evident in 1,3-glycols. Tnmethylene glycol 
and 1, 3 -cyclohexanediol are converted rapidly at 200 over copper 
chromite to propyl alcohol and cyclohexanol, respectively. Glycerol 
also loses one hydroxyl group and 1 , 2 -propanediol is formed. 


CHOH + Hi C “ C "° - > CHOU + HiO 
CH,OH CHiOH 


If a glycol contains a secondary and primary hydroxyl either one may 
be eliminated with the formation of isomeric alcohols. However, it 
would appear that the primary hydroxyl is the more readily eliminated 
since 1 , 3 -butancdiol gives almost twice as much 2 -butano as 1-butanol. 
Similarly, hydrogenation of the cyclic 1,3-glycol leads exclusively to the 

secondary alcohol. 136 

|-- CIIOH r-CHOI! 

I—(CH*)«—CHCHiOH -» —(CH:|4-CHCH, 


where n has a value of 3 or 4. ... , 

The 1 2- and 1,4-glycols are much more stable toward hydrogenoly.Ms 
than the 1,3-glycols. In open-chain glycols the 1,2-compounds are 
more stable than the 1,4-glycols while with the cyclohcxanediols the 

1,4-glycol is the more stable. . 

The hydrogenolysis of carbon-to-oxygen linkages in some of the 
more highly substituted glycols has been noted in the later section on the 
hydrogenolysis of carbon-to-carbon linkages (p. 82o). 

m Connor and Adkins, ibid.. 64. 4G78 (1932). 
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Hydrogenolysis of Ethers ,M 
ROR' + H 2 —♦ RH + R'OH 

Aryl alkyl ethers are in general quite stable toward hydrogenolysis 
and even over Raney nickel undergo hydrogenation rather than hydro¬ 
genolysis. Dialkyl ethers are quite stable toward hydrogen over nickel 
at temperatures below about 250°, at which temperature carbon-to- 
carbon cleavage may occur. 

The benzyl ethers are very readily cleaved over Raney nickel at 
temperatures of 100° to 150°, toluene and an alcohol or phenol being 
formed invariably. The benz 3 *l aryl ethers are cleaved at a somewhat 
lower temperature than the benzyl alkyl ethers. The diaryl ethers 
require a somewhat higher temperature for hydrogenolysis, i.e., 150° to 
200°. Over Raney nickel there is very little hydrogenation of these 
ethers, but over nickel on kieselguhr a number of ethers react by hydro¬ 
genation rather than by hydrogenolysis. The readiness of the cleavage 
of benzyl ethers is another illustration of the effect of a double bond in 
the 2-position in lahilizing the carbon-to-oxvgen bond. 

The ether linkage in tetrahydrofuran derivatives is quite stable 
toward hydrogenolysis, but because of the influence of the double bonds 
the furan derivatives are cleaved by hydrogen at 175° or lower. 

Nickel is probably a more active catalyst than copper chromite for 
the hydrogenolysis of ethers. Copper chromite is a better catalyst for 
the cleavage of furanoid compounds, since it is less active toward double 
bonds; hence those important labilizing groups are not hydrogenated 
until after hydrogenolysis has occurred. Copper chromite was also used 
by Zartman 56 for the hydrogenolysis of the ether l,l-diphenyl-2- 
phenoxyethylene at 200°. 

Hydrogenolysis of Acetals **• 131 
RCH(OR ') 2 — RCII-OR' + R'OH 

The same conditions that are favorable to the hydrogenolysis of 
ethers also result in the hydrogenolysis of acetals. Diethyl furfural 
acetal is converted in 97 per cent yield over nickel (A*) or Raney nickel 
at 175° to furfuryl ethyl ether. 

CH-CH CII-CH 

i! + h* -> |! ii + c 2 h*oh 

CH CCII(OC 2 Hi ) 2 CH CCH 2 OC*H 5 

m Van Duzco and Adkins, ibul.. 57. 147 (1935). 
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If a little of any one of several amines is added to the reaction mixture, 
then the reaction is primarily one of hydrogenation and the diethyl 
acetal of tetrahydrofurfural is produced in a 76 per cent yield. 

The course of the hydrogenation of a cyclic acetal (benzyhdene 
acetal of ethylene glycol) may be represented thus: 

C*H*CH 2 OCH 2 CH,OH C.HfcCH, + HOCH 2 CH,OH 

H 'f 


c«h 6 ch 


<rr 

x o— ch 3 


CeHfcCHj + CH*CH*OH 


"’I 


jlljCH^ 


o— ch 2 ch. 


OH 



"■1 

CsIUCHjOCH-CHa + H*0 


The above scheme accounts for the products obtained at 125°, i.e., 
toluene, ethanol, ethylene glycol, benzyl ethyl ether, and the mono¬ 
benzyl ether of ethylene glycol. At 175° these same products were 
obtained, accompanied by the corresponding hexahydro compounds 
Ethylene glycol and hydrocarbons were obtained at 1 / o from the benzyl 
ether of ethylene glycol. The hydrogenation of the benzyhdene ether 
of trimethylene glycol and of the 1 , 2 -benzylidcne ether of glycerol 
yielded results similar to those obtained from the ether of ethylene 
glycol except that the hydrogenation proceeded more slowly. 


Hydrogenolysis of Acid Anhydrides and Imides 

Both phthalic and succinic anhydrides were reduced with hydrogen 
to give lactones as well as more completely hydrogenated products. 
Phthalic anhydride over nickel at 150° or copper chromite at 260 was 
converted to phthalidc ,37 in 80 per cent yields, 




while succinic anhydride over copper chromite at 250° gave a 29 per 
cent yield of butyrolactone: 


CH*—C=0 

i > 

CH*—C=0 


CHf—CHi 

5 ° 

CIIj—c=o 


xn Austin, Bouwiuot. and Lazier, ibid.. 69. 86-1 (1037). 
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A similar transformation is the hydrogenolysis of phthalimide to phthal- 
imidine 07 in an 80 per cent yield at 200° over nickel ( k ): 




N-substituted succinimides and glutarimides have also been converted 
to the corresponding pyrrolidones or piperidones 138 over Raney nickel 
at 220° in dioxane solution where R is —CH 2 CH 2 C6H U or —C 6 Hn. 


O 

II 

ch 2 c 

^>NR 

CH*C 

II 

o 


CH*CH* 

^>NR 

CH*C 

II 

o 


Hydrogenolysis of Esters and Lactones 189 
RC0 2 R' -♦ RCO,H + R'H 

Certain esters and lactones readily undergo hydrogenolysis; benzyl 
acetate, for example, was quantitatively converted to toluene and acetic 
acid at 135° over nickel. The reaction is not complete unless an amine 
(N,N-dimethylcyclohexylamine) is used as a solvent to neutralize the 
acid as it is produced. o-Benzoylbenzoic ester is converted in 95 per cent 
yield over nickel ( k ) at 150° to o-benzylbenzoic acid. The reaction prob¬ 
ably involves, first, the hydrogenation of the carbonyl; second, the 
formation of a lactone; and then the hydrogenolysis of the lactone: 


O 



119 Wojcik and Adkins, ibid., 55. 4939 (1933). 
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Certain lactones have been converted in 70 to 80 per cent yields to 
the glycols, yet the hydrogenolysis to the acid is always a possible source 
of difficulty with such compounds, i.e., 

CH 2 CH 2 CH 2 C=0 + H 2 -* CH,CH 2 CH 2 C0 2 H 

L—0—I 

The oxygen of the carbonyl group may also undergo cleavage with 
the formation of tetrahydrofurans. 


CH 2 CH 2 CH 2 C=0 + 2H 2 


ch 2 ch 2 ch 2 ch 2 + h 2 o 

I - 0 - 1 


Furfural diacetatc 154 readily undergoes hydrogenolysis with the for¬ 
mation of considerable amounts of furfuryl acetate: 


CH 


— ~ CH h - T —5 H 

CH CCH(0 2 CCH s ) 2 ch ccii 2 o 2 cch. 


+ CHjC0 2 H 


Hydrogenation also occurs, so that other products are produced. 


Hydrogenolysis of Carbon-Carbon Linkages 

Carbon-to-carbon linkages are in some eases cleaved by hydrogen 
under the conditions used for hydrogenation with mekel and copper 
chromite catalysts." Alkyl and aryl groups as well as oxygen and nitro¬ 
gen as substituents labilizc a carbon-to-carbon linkage toward hydrogen- 
ol sis 

° y PcnUphcnylcthane is cleaved by hydrogen at 125° over nickel and at 
200° over copper chromite. 

(C,H.),CCH(C.H.)j + H. — (C.HO.CH + (C«H.),CH, 

Tetraphenylethane is also cleaved under somewhat more drastic condi¬ 
tions, but triphenylethane is stable toward hydrogen over nickel and 
copper chromite at least up to 250°. The unsaturated phenyl group is 
much more effective in labilizing carbon-to-carbon bonds than are the 
saturated groups. Even the highly substituted pcntacyclohexylcthane 
is resistant to hydrogenolysis. 

A single oxygen docs labilizc a carbon-to-carbon linkage, for an 
alcohol of the type RCH 2 OH reacts with hydrogen over Raney nickel 
with a rupture of the linkage between R and the carbinol carbon, but 
the temperature required for this reaction is rather high (230°) and even 
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then the reaction proceeds slowly. 140 However, two oxygens in the 1,3- 
positions with respect to each other exert a powerful influence in facili¬ 
tating hydrogenolysis. The diketone, (CH 3 ) 3 CeH 2 COCH 2 COCH 3 , 
gives a 25 per cent yield of (CH 3 )3CeH 2 COCH3 at 125° over Raney 
nickel. A more highly substituted 1,3-diketone, CaH^COCHCOCHa, 

I 

CH 2 C fl H* 

undergoes hydrogenolysis at carbon linkages to the extent of more than 
68 per cent at 60°, while CH 3 COCHCOCH 3 gives a 40 per cent yield of 

I 

CH-C.H* 

CH 3 COCH2CH 2 C«H 5 . 

The combination of alkyl and oxygen substitution is the most effect¬ 
ive structure for labilization toward hydrogenolysis. As noted else¬ 
where in this chapter, disubstituted malonic esters undergo hydro¬ 
genolysis quantitatively in the sense of the reaction 


R 2 CCOaC 2 H( 

I 

COaCtH* 


(R 2 CHC0 2 C 2 H 6 + HCO*C*H») -* 

R,CHCH*OH + CH 3 OH + 2C*H*OH 


Substituted /3-keto esters show a similar type of reaction. For example, 
in an acetoacctic ester CH 3 CO- • -CHRC02C2H5, where R was n-butyl, 
cleavage occurred at the dotted linkage to the extent of 71 per cent, while 
when R was benzyl the cleavage was quantitative. Ethyl dimethylace- 
toacetic ester underwent the following reaction: 

CHaCOCMetCOjCjIh -> Me 2 CHCH 2 OH + 2C 2 H 6 OH 

Branched-chain alkyl groups are even more effective than straighUchain 
substituents in facilitating the cleavage of /3-dikctones, 141 and a /3-keto, 
/3-hydroxy, or malonic ester. For example, Me3CCOCH 2 COCH 3 is 
cleaved to a greater extent than CH 3 COCH 2 COCH 3 . The 1,3-glycols 
behave similarly to these ketones and esters. For instance, 2-methyl-2,4- 
pentanediol (CH 3 ) 2 C(OH) —CH 2 CHOHCH 3 is cleaved within thirty 
minutes to give an 86 per cent yield of isopropyl alcohol. (The linkages 
undergoing hydrogenolysis are indicated by dotted lines in the formulas.) 

CH 2 ••• OH 

HO • • • CH 2 C • • • CH 2 OH 

I 

CH 2 OH 

140 Wojcik and Adkins, ibid.. 65. 1293 (1933). 

141 Sprnjnie and Adkins, ibid.. 56. 2G69 (1934). 
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Pentaerythritol cleaved quantitatively at one carbon-to-carbon and at 
two carbon-to-oxygen linkages to give isobutyl and methyl alcohoLs. 
Even pinacol, a 1,2-glycol, suffered carbon-to-carbon cleavage to the 

extent of 17 per cent, along with a similar amount of carbon-to-oxygen 

cleavage to give dimethylisopropylcarbmol: 

OH OH (CHj)-CHOH 

(CHi)tC • • • C(CH,) 3 (CHjJsCOHCH (CHj)« 

A sufficient accumulation of hydroxyl groups even without alkyl sub¬ 
stitution makes hydrogenolysis of carbon-to-carbon '■'‘^“Possable 
Sorbitol or mannitol - at 250° over copper chromite gai e a high >neld of 
1 2-propylene glycol along with smaller yields of methanol and ethanol. 
Propylene glycol is also the major product in a rather complc e hydro¬ 
genolysis of glucose, lactose, maltose, and sucrose. Less complete reac¬ 
tion of hydrogen with the sugars and alcohols gave larger £* ld * 
products not involving the breaking of carbon-to-carbon 1bond*. T1 ^ 
probable weak bonds in sorbitol are indicated by dots in the formula. 

CII-OH 
CHOH 
CH •••OH 
CH • • • OH 
CHOH 
CHfOH 

The relative effectiveness of groups in labilizing the hydrogenolysis 
of carbon-to-carbon linkages cannot be stated quant naUvcy^Howcior 

a study of the data available from several investigations indicates that 
among the common radicals the order of inempng effect,vcnc^ n. 
methyl, ethyl, benzyl, Isopropyl. '-butyl, phenyl, mesityl. hydroxyl, 
carbonyl, carbinyl, and acyl. 


Hydrogenolysis of Esters to Alcohols *“• *«• 

Many esters are reduced to alcohols by hydrogen over copper chrom 
ite at 200° to 300° under 100 to 300 atmospheres of hydrogen. 

RCOiK' + 2U, - UCH-OH + R'OH 

•« Zartman and Adkins. ibiH.. 65. *»559 (1933). 

Adkins and Folkcrs. i hid.. 63. 1095 OWl). 

•«« Wilbur Losicr. U. S. pat.. 2.070.414. others. 
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The reaction goes smoothly and almost quantitatively where R is a 
saturated, straight or branched or cyclic chain. The method is not 
applicable to esters where R carries a halogen or sulfur atom since these 
will react with hydrogen or deactivate the catalyst. If R is a phenyl or 
pyrrole nucleus the hydrogenation will proceed beyond the alcohol stage. 
For example, ethyl benzoate gives toluene. 

C«HsC0 2 C 2 H 5 + 3H 2 — C«HiCH 3 + C 2 H s OH + H 2 0 

However, if the aromatic nucleus is two carbon atoms distant from 
the carbalkoxy group it is without effect upon the hydrogenation. For 
example, ethyl / 3 -phen 3 ’lpropionate is smoothly converted to 3-phenyl- 
propanol-1. Ethyl a-phenylacctate gives both types of reaction, i.e., 
phenylethyl alcohol and ethylbenzene. 

If R contains an alkene linkage or aldehyde or ketone group these 
groups will be saturated by hydrogen before the conditions necessary 
for the hydrogenation of a carbalkoxy group are reached. For example, 
ethyl oleate upon hydrogenation over copper chromite gives octadecyl 
alcohol. 

CII,(CH,),CH—CII(CH,),CO,C,H» + 3II S — CH,(CH,)„CH I OH + C,H»OH 

If zinc chromite is used as a catalyst at 300° to 325° reaction occurs 
preferentially at the carbalkoxy group, but the olcyl alcohol, 

CH,(CH 2 );CH=CH(CH 2 )tCH 2 OH 

so prepared is contaminated with octadecyl alcohol. 

A pyridinoid ring in R will also be hydrogenated before the carb¬ 
alkoxy group is converted to a cnrbinol, so that the product will be an 
alcohol derived from piperidine rather than from pyridine. The piperi¬ 
dine obtained will usually be alkylated on the nitrogen atom, under 
these conditions. 

If nitrogen or oxygen atoms are in the /3-position with respect to the 
carbalkoxy group, cleavage (hvdrogenolysis) may occur. For example, 
acetoacetic ester gives a mixture of 1 - and 2 - butanol: 

^ CH 3 CIIOHCH 2 CH 3 

ch 3 cocii 2 co 2 c 2 h 6 

N cii 3 cii 2 ch 2 cii 2 oh 

Malonic ester gives propanol-1 rather than trim ethylene glycol. If the 
carbon atom between the carbons carrying oxygon is substituted, as in 
the ethyl ester of diethylmalonic acid, then hvdrogenolysis of a carb- 
ethoxyl group takes place. There are formed in this instance 2-ethyl- 
butanol-I and ethyl and methyl alcohol. 

( 02115 ) 20 ( 00202115)2 -► ( 0 2 Il 5 ) 2 CIICIl 20 II + C-II 5 OII + CH 3 OH 
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A nitrogen atom is similar to oxygen in labilizing a earbon-to-oxygen 
bond for cleavage. For example, 0 -piperidinopropionic ester goes to 
N-n^propylpiperidine: 

C 6 HnNCH 2 CH 2 C0 2 C 2 Hs -* C*HnNCH 2 CH 2 CH 3 + C 2 H»OH + H 2 0 

Oxygen or nitrogen in cither the a- or 7 -position with respect to a 
carbalkoxy group is less effective in labilizing cleavage than if they 
were in the 0 -position, for a- and 7 -hydroxy esters may be converted to 
the corresponding glycols in good yields. Though it is impossible to 
prepare a glycol from a malonic ester by catalytic hydrogenation, the 
succinic esters go well into 1,4-glycols. 

(CH 2 ) 2 (C0 2 C 2 Hfc) 2 -» (CH 2 ) 2 (CH 2 OH) 2 

If the hydrogenation is not carried out rather rapidly with a good catalyst 
and a sufficiently high pressure of hydrogen, products other than glycol 
may be produced in considerable amounts, i.e., ethyl 0 -hydroxy buty¬ 
rate, butyrolactonc, butyric acid, and tetrahydrofuran. 

A substituted succinic ester, diethyl a-mcthylsuceinatc, gave a 72 
per cent yield of the glycol, but the ester having an isopropyl group m 
the a-position gave over twice as much isohexyl alcohol as of the glycol 
corresponding to the succinate. 


00 , 0 , 11 * 

(CH,),CIICHGHiCO,C,IU - 
(CH,),CHCH,OHiCIIaOH 


CH,OH 

+ 011,011 + (C!I,),Cll< l ’IICH,CH:OII + 0,11,011 


The tendency toward hydrogenolysis of a carbon-to-carbon chain 
with increase in branching of the chain is quite general, as noted else¬ 
where 

The most important commercial application of the hydrogenation of 
esters to alcohols is the conversion of cocoanut oil and other glycerides 
to alcohols, useful in the manufacture of detergents. The steps in the 
process using glyceryl lauratc as the ester, arc as follows: 


(CiiII 2a C0 2 )jC 3 II b + Cll 2 — 3CiiII 2 jCII 2 OH + CslIt(OH)s 
CiaHuOH + HSOi -* ChH«HS04 + H 2 0 
C, 2 II 2 ,IIS04 + NaOII -* C.*II«NaS0 4 + H 2 0 


The glycerol undergoes hydrogenolysis to propylene glycol and propyl 

alcohol. 

The hydrogenation of esters to alcohols in most instances goes 
smoothly and almost quantitatively. However, side reactions may 
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occur if the ester is impure, if the catalyst is improperly prepared, or if 
the pressure of hydrogen is too low. The copper in the catalyst may be 
reduced from the bivalent to the univalent state if water or acids are 
present in the mixture being hydrogenated. The deactivation of the 
catalyst under these circumstances is shown by a change in color from 
the black copper chromite to a reddish cuprous compound. 

The hydrogenation of esters is apparently a reversible process in the 
sense that the alcohols and glycols produced react to form esters. The 
concentration of the esters so produced is of the order of a few per cent 
at 250-260° under 100 atmospheres of hydrogen. At higher pressures, 
250-300 atmospheres, the concentration of esters at equilibrium Is no 
more than 1 per cent. However, if the catalyst is deactivated before the 
completion of the reaction, very considerable amounts of ester may be 
present. 

These esters may result from the reaction of two moles of an aldehyde 
resulting from the partial hydrogenation of the ester. 

RCOtCsHft + H 3 — RCHO + C 2 H*OH 
2RCHO -► RC0 2 CH 2 R 

As a matter of fact, esters so related to the starting ester are often found 
in the reaction mixture. Such an ester might result from alcoholysis 
according to the reactions 

RC0 2 C 2 H 6 + 2H 2 — RCHtOH + C»H»OH 
RC0 2 C 2 H $ + RCHjOH — RC0 2 CH 2 R + C 2 H*OH 

But the amounts sometimes found point to the validity of the mecha¬ 
nism involving the aldehyde. An active catalyst will, of course, catalyze 
the hydrogenation of the ester RC0 2 CH 2 R to two moles of RCH 2 OH. 

Levcne 146 found that certain hydroxy esters and amino esters could 
be hydrogenated over copper chromite at a relatively low temperature 
(175°). Equal amounts of catalyst and of the ester in methanol were 
used. These reductions depend upon large ratios of catalyst which 
make possible the use of a lower temperature at which hydrogenolysis 
of the desired reduction product does not take place to any considerable 
extent. Levcne and his associates 146 were also successful in reducing the 
ethyl esters of leucine and phenylamino acetic acid to the corresponding 
amino alcohols with Ranev nickel at 40° to 70° in 9 to 18 hours. The 
yields were 40 per cent of (CH3) 2 CHCH 2 CHNH2CH 2 OH and CO per 
cent of C 6 H 5 CHNH 2 CH 2 OH. 

144 Lovene. Moyer, and Kuna. J. Biol. Chrm.. 125. 703 (1938). 

144 Ovakimian, Kuna, and Lovene. J. Am. Chem. Sue.. 62. G7G (1940). 
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The lowest temperature at which the hydrogenation of an ester 
has been reported over copper chromite is 125° for ethyl bcnzilate, 
(C 6 H 5 ) 2 C0HC0 2 C 2 H 5 . It seems probable that this ester exists in a 


tautomeric form 


/°\ 

(C.H.j.C-C—OH 


OCjHs 


Since this is the hemiacctal of an oxido ketone, its easy hydrogenation Is 
understandable. 

Hydrogenolysis of Amides to Amines >« 

The reduction of an amide may lead to an amine or an alcohol, de¬ 
pending upon whether cleavage occurs at the oxygen or at the nitrogen- 
to-carbon linkage. 

S° . RCHjNHt + HjO <«) 

RC—NH,< ... 

^ ItCHjOH + NHj (*") 


Reduction of an amide with sodium and an alcohol gives alcohols; 
catalytic hydrogenation over copper chromite gives the amine in most 
instances. It Ls possible that even in catalytic hydrogenation the alcohol 
is 6rst formed and then reacts with the ammonia to give an amine and 
water. There are no experiments which show conclusively the course of 
the reaction in catalytic hydrogenation, although unquestionably the 
alcohol Ls sometimes the major product. For instance the amide of 0- 
phenylpropionamide was converted in high yield to 3-phcnylpropnnol-l. 

C«HiCHjCH»C—NHj + 2H, C.H.CH.CH.CH.OH + NH, 

The yields of primary amines by the hydrogenation of unsubstituted 
amides arc seldom above 50 per cent, because the temperature of hydro¬ 
genation is so high (250-200°) that the first-formed primary amine 
reacts with itself to form a secondary amine. For example, lauramide 
gave almost equal yields of dodecyl- and didodecylamine. 

Ci,H„CONHj + 2Ht — C , ? IInNHj + H a O 
2C.,H,sNH* —* (CisHn)sNH + NII 3 

The hydrogenation of monosubstituted amides usually takes place 
smoothly. For example, N-cyclohexyllauramide and N-phenethyl- 

'« Wojcik and Adkins. ibid.. 56. 2419 (1934). 
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heptamide gave the corresponding cyclohexyldodecylamine and heptyl 
phenethylamines in yields of the order of 60 per cent after hydrogenation 
for less than twenty minutes at 250°. 

N-Acylpiperidines are converted in good yields to the corresponding 
alkylpiperidines. 

* 




The N-acylpipcridines carrying a hydroxyl group in the a-, /3-, y-, or 
5-position in the acyl group have been converted in 50 to 80 per cent 
yields to the corresponding amino alcohols. 



CjHloNCCHaCHjCHjCHOHCH* -> C 6 HioN(CH 2 ) 4 CHOHCHj + H 2 0 

Raney nickel catalyzed the same reaction, but the yields of amino 
alcohols were not so good. However, nickel is useful for converting a 0- 
hydroxyamidc to an amide. 


y>0 


C 6 HioNCCH a CHOHCH a 


C»HioNCCH,CH,CHa + H ,0 


Coppor chromite catalyzes the same transformation, but the amido group 
is also hydrogenated so that the product Is C 5 HioN(CH 2 ) 3 CH 3 . More 
highly substituted amides, such as the amide derived from mucic acid 
and piperidine, give many different products as the result of hydrogena¬ 
tion and hydrogenolysis. 

The di-N-pentamethylene amide of 0-methylglutaric acid was readily 
hydrogenated in 70 per cent yield to the diamine. 


COXCsII.o 


CII, 

I 

CHCHj 

CH, 

I 

CONCsHio 


CH1NC5H10 
CH, 

I 

CHCHs 

I 

CH, 

I 

ch 2 nc 5 h 10 


However, the monosubstituted amides of glutaric acid >-ield N-sub- 
stituted piperidines, the imidc and a cyclic amide probably being inter¬ 
mediate steps. 138 
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CONHC 6 Hn 

I 

CH* 

I 

C(CH 3 ), 

I 

ch 2 

I 

CONHC 6 H,i 

Amido 


CH 3 CH 3 

X 

CH* ch 2 


o=c 


I 

c=o 


\ N / 


CtHii 

Imido 


CH, CH 3 


x 


CH, CH* 

I I 

H,C C=0 

\ N / 

I 

C»Hu 

Cyclic amide 


CH a 

x 

CH 2 


CH- 


CH 2 

I I 

HjC CH 2 

\n/ 

I 

C»Hii 

Piperidine 


The yields of the piperidine from the amide, imide, or cyclic amide are 
good over copper chromite. Raney nickel proved to be a useful catalyst 
for converting the imide to the cyclic amide. 

Amides of succinic acid may be converted to pyrrolidines by hydro¬ 
genation over copper chromite while succinimides over Raney nickel 
may be hydrogenated to cyclic amides. Amides of adipic acid may be 
converted to hexahydroazepincs. 

<CH,)4(C0NHC*H»i), — <CH,).NC*Hn 


Hydrogenolysis of Organometallic Compounds 

Gilman, Jacoby, and Ludeman >*• showed that the phenyl derivatives 
of calcium, lithium, sodium, potassium, rubidium, and cesium under¬ 
went hydrogenolysis without an added catalyst. The reaction was of 
the type C,H S K + H 2 — C 0 H 0 + KH and took place at room tempera¬ 
ture within 10 to 110 minutes under a pressure of 1 to 2 atmospheres 
of hydrogen. Several alkyl and aryl lithium compounds underwent 
hydrogenolysis under these same conditions. Earlier work had shown 
that the triphcnyl derivatives of phosphorus, arsenic, antimony, and 
bismuth were cleaved by hydrogen at GO atmospheres at 225° to 350° 
Compounds of the type (CoHs).iSb, (CoHs^Pb, (C 4 H 9 )oZn, and 
(CoH 6 ) 2 Mg underwent hydrogenolysis over a nickel catalyst at 1G0 
to 200° under 125 atmospheres of hydrogen. 140 
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L INTRODUCTION 

This chapter will be limited to the consideration of organic compounds 
in which the most prominent chemical properties are due to a functional 
group containing sulfur. Probably the most important sulfur com¬ 
pounds excluded by this limitation are heterocycles, in which the chemi¬ 
cal behavior is modified by the influence of sulfur upon the rest of the 
molecule but usually is not chiefly dependent upon the presence of 

The names of the types of sulfur compounds to be considered and 
the structures of their parent substances are listed in Table I. Some 
of these structures are not universally accepted or represent compounds 
which are hypothetical but of which derivatives are known. These will 
be discussed in the sections devoted to the appropriate senes. 

TABLE I 

Compounds with Functional Groups Containing Sulfur 


A 'amts 


Formulas 


O 

Thiolsulfonic acids t R—S—SH 

O 

Sulfmic Acids t R—S—OH 



Thioketones 

Thio acids 
Thiol acids f 


S 

Thioaldchydes r-«Lh 

s 

lioketones R—dj—R 

O 

t»io acids 

Thiol acids f R—C—SH 

S 

Thion acids t R——OH 

S 

Dithio acids R—^—SH 


• The usual convention, (p. 1829) are followed in deviating normal and coordinate covalent link*, 
t The .tructurra of tbcw> compound, are considered in more detail in the di.cua.ion of the appropri¬ 
ate .eric*. 
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Since oxygen and sulfur are in the same group of the periodic table, 
similarities in the behavior of their organic derivatives might be ex¬ 
pected. The differences between sulfur and oxygen compounds can 
usually be attributed to one of the following: (1) The sulfur kernel has 
one more electron layer than the oxygen kernel. Therefore, the former 
has the smaller effective nuclear charge (smaller inductive effect) and 
the greater electron mobility (p. 1842). (2) In some cases the fact that 
the sulfur compounds have higher molecular weights than their oxygen 
analogs is the chief factor responsible for differences in physical proper¬ 
ties. (3) Whereas oxygen is unable to expand its valence shell (p. 1837) 
there arc some indications (pp. 1839, 879-882) that sulfur may do so; 
therefore oxygen and sulfur analogs may react by different mechanisms. 

In considering the functional reactions of sulfur compounds it is 
usually true that the reactions of one series are methods of preparation 
for other series. It has not seemed logical to discuss subjects consistently 
in the latest possible location, since this would frequently emphasize 
reactions from their less important aspect. The arrangement of the 
material is therefore arbitrary, but sufficient cross references will make 
the discussion of each series complete in itself. 

The differences in the reactions of the alkyl and aryl derivatives arc 
less in the sulfur than in the oxygen series. In general, therefore, it will 
not be necessary to discuss separately compounds in which sulfur is 
attached to aromatic and aliphatic groups. However, in reactions of 
a given sulfur function with aliphatic and aromatic compounds, the 
usual differences in reactivity are observed and may require separate 
consideration; for example, the methods for the introduction of the 
—SR group into an aliphatic chain will lx* different from those for its 
introduction into an aromatic nucleus. In the equations accompanying 
the discussion the symbol R will Ik* used to include both aliphatic and 
aromatic radicals unless otherwise noted. When reactions are limited 
to aromatic compounds the radicals will lx* abbreviated as Ar. 

In discussing the various series of sulfur compounds the presentation 
will be generalized. Specific compounds will l>c mentioned only when 
it is necessary for the sake of illustration, when the compounds are es¬ 
pecially important, or when the reactions outlined may not be general. 
Poly functional compounds will be mentioned only when they differ 
markedly from what might lx* expected from a knowledge of the mono¬ 
functional types. Although some attention will be given to structure 
ami physical properties, the chief emphasis will be upon methods of 
preparation and reactions of the various series. 
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H. SULFHYDRYL COMPOUNDS 1 
General Characteristics 

Occurrence. Mercaptans arc present in petroleum distillates. Al¬ 
though they constitute a small percentage of the distillate, the large 
amount of petroleum refined makes the mercaptans the most readily 
available of the organic sulfur compounds. The amount of mercaptans 
which could be obtained from this source is of the order of hundreds of 
tons daily 1 in the United States alone. Unfortunately, there are no 
uses so extensive as to require mercaptans in this quantity; as a result 
those not removed by extraction with alkali are converted to disulfides, 
which are allowed to remain in the petroleum product. However, large 
amounts of a mercaptan mixture, containing mostly ethyl mercaptan 
with considerable amounts of methyl mercaptan and higher mercaptans, 
are available from the refining of gasoline. 

Methyl mercaptan is a product of the anaerobic bacterial decompo¬ 
sition of gelatin and albumin. It is partly responsible for the odor of 
feces 2 and is present in urine 3 after asparagus has been eaten. Butyl 
mercaptan is present in the defensive secretion of the skunk. 4 

Odor. The offensive odor of the low-molecular-weight mercaptans is 
probably the most notorious characteristic of organic sulfur compounds. 
It has been estimated 6 that 0.000,000,002 mg. (one part in fifty billion) 
of ethyl mercaptan in air may be detected by odor. The unpleasantness 
and intensity of the mercaptan odors decrease with an increase in the 
carbon chain; n-dccyl and lauryl mercaptans have no more odor than 
the corresponding alcohols. The odors of thiophcnols of low molecular 
weight arc also unpleasant, but the higher members of the series are 
less disagreeable. 

Toxicity. Care should Is* used in handling mercaptans and thio¬ 
phcnols. Direct contact with thiophcnols may produce an irritation 4 
of the skin similar to that of ivy poisoning. Mercaptans produce various 
symptoms 7 such as drooping of the lids, increased sensitivity of the eyes 
to light, giddiness, headache, or severe irritations of the skin. 

• MulirtofT. Mur kit, u..«J He**. them. /Or.. 7. 493 < 1930). Tl.it paper. "A Study of Mcr- 
cnpUn Cheiiiintry,” covert more than 50 pun and include* more thnn 000 references. 

* Ncncki u«,d Sicbcr, 10. 520 (188»l: Ncneki. «'.««/.. 10. 802 (1889>: IS: r.. 34. 

201 (1001). 

» Ncncki. Her .. 26. 612c (1802). 

4 Bockumiin, /' harm . Zenlralhallc . 37. 657 CIKOG). 

‘ Fischer ami Pcnzoldt. Ann.. 239. 131 (1KS7). 

•Hofmann and Baumann. IS.r.. 20. 2261 <1KK7>; Jacobsen. Ann.. 277. 220 (1893>: 
Hucbner and Mueller. Z. CJkrm.. |2|7. II (IS7I»; Hunter. J. Chen. Sac.. 127. 011 (1025) 

T Weber. Her.. 33. 795 <1900>; Grandjean-Hirter. ( turn. Zenlr.. II. 1181 (1910). 
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Solubility. Sulfhydryl compounds are usually less soluble in water 
than the corresponding hydroxyl compounds. Ethyl mercaptan, for 
example, is soluble to the extent of 1.5 g. in 100 cc. of water. Both 
mercaptans and thiophenols exhibit normal solubility in organic solvents. 

Boiling Points. The high-molecular-weight mercaptans have higher 
boiling points (Fig. 1) than the corresponding alcohols. However, in 



Fio. 1.—Numlwrof carbon atoms in R (R — C*H 2 «+i). Comparison of the boiling 
points of alcohols, mercaptans, and hydrocarbons. 


the lower memlwrs of the series the greater association of the alcohols 
causes them to have the higher boiling points, as might be expected by 
a comparison of the boiling points of hydrogen sulfide (b.p. — 61.8°) 
and water. In the case of the a-heptyl derivatives, association of the 
alcohol is enough to compensate for the higher atomic weight of sulfur 
in the mercaptan; the two analogs, therefore, have the same boiling 
point. Similarly, thiophenol has a lower boiling point than phenol, 
the thiocresols have about the same boiling points as the cresols, and 
higher thiophenols boil higher than the corresponding phenols. Verifi¬ 
cation of the opinion that the sulfhydryl group has less tendency than 
the hydroxyl group to undergo association is found (a) in spectroscopic 
data 8 which show that p-thioeresol is not polymerized in the solid state 
and (6) in studies 9 of heats of mixing which show that the weak donor 

* Gordy and Stanford. J. Am. Chen,. Soc.. 62. 49S (1940). 

9 Copley, Marvel, and Ginsberg, ibid.. 61, 3101 (1939). 
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ability of sulfur is responsible for the failure of thiophenol to be asso¬ 
ciated. The latter studies also indicate that hydrogen of the sulfhy- 
dryl group may form bonds with donor oxygen or nitrogen in the case 
of thiophenol but not in the case of n-heptyl mercaptan. 


Preparation of Mercaptans 


Hydrolysis of S-Alkylisothiouronium Salts. Alkyl halides l0, 11 and 
alkyl sulfates 12 react readily with thiourea, giving isothiouronium salts. 
Addition of alkali liberates the free isothioureas, but these are not stable 
and decompose to give mercaptans (80-90 per cent) and polymers of 
cyanamide. Dihalides may be converted 10 to dithioglycols by this 
method. 


RX + 


S= °\. 


NHt 


NH, 


R 




NH* 

NHiJ 


x- 


N»on 


RSH + NaX + H,0 + (H*NCN) n 


Alkyl chlorides react rather slowly 11 • 13 and require a longer reflux period 
than the bromides and iodides. Isothiouronium salts may also be pre¬ 
pared directly 13 from an alcohol (using dry hydrogen chloride) and 
thiourea. Isothiouronium salts make satisfactory derivatives 14 for the 
identification of alkyl bromides and chlorides. S-Bcnzylisothiouronium 
salts of organic acids are useful 16 as derivatives for the identification of 
the acids. 

Action of Alkylating Agents on Metal Hydrosulfides. Mercaptans 
arc prepared '* also by the reaction of alkyl halides with an alcoholic 
solution of sodium or potassium hydrosulfide. 

RX + KSII — RSII + KX 

Other alkylating agents behave similarly; sodium ethyl sulfate was the 
alkylating agent in the first 17 mercaptan synthesis. The hydrosulfidc 
solution may be prepared by saturating alcoholic alkali with hydrogen 
sulfide; in this case potassium hydroxide is generally used because po- 

10 (a) Ronshuw urnl Scorle. J. Am. Chcm. Sue.. 69. 2057 (1937); (6) Olin and Dains. 
ibul., 63, 3322 (1930); (c) v. Braun. Iter., 42. 4508 (1909). 

“ Urquhart, Gates, and Connor. Org. SynOuM. 21. 30 (1041). 

** Arndt, Mildo, und Kekcrt. Her.. 64. 2230 (1921). 

11 Johnson nnd Sprague. J. Am. C/trm. Soc., 68, 1348 (1930). 

M Brown and Camplx-ll. J. Ckem. Sue.. 1099 (1937). 

>• I Jon lea vy. J. Am. Chcm. S-e.. 68. 1004 (1930). 

“ (a) Foro und Bust, ibid., 69. 2557 (1937); (fc) Ellis and Reid, ibid., 64. 1080 (1932) 
(e) Hofmann and Cahours. J. Chcm. Sue.. 10. 320 (1858). 

17 Zcisc, Ann., 11. 1 (1834); I.icbig. Ann.. 11. 14 (1834). 
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tassium sulfide is more soluble than sodium sulfide in alcohol. Under 
some conditions (for example, when a secondary halide is used) the 
complete absence of water is desirable, and better results are obtained 
by treating absolute alcoholic solutions of the alkoxides with hydrogen 
sulfide. 

Since the mercaptans react with alkali to give mercaptides which 
may react with alkylating agents (p. 854), alkyl sulfides are by-products 
in the preparation of mercaptans by this method. 

n y 

RSH + KSH -> HaS + RSK -> KX + RSR 

This side reaction may be minimized by maintaining an excess of hydro¬ 
gen sulfide, either by carrying out the reaction under pressure or by 
passing in hydrogen sulfide during the reaction. 

Catalytic Alkylation of Hydrogen Sulfide. Passage of an alcohol and 
hydrogen sulfide over thoria at elevated temperatures produces the mer¬ 
captan. 

ROH + HjS RSH + H a O 


The reaction is not complete; about 50 per cent of n-butyl mercaptan is 
produced 18 by one passage of n-butyl alcohol and hydrogen sulfide oyer 
the catalyst. This method was used in a small plant for the production 
of n-butyl mercaptan, which was under consideration as a camouflage 
gas (1917-1918). 

Addition of Hydrogen Sulfide to Olefins. The addition of hydrogen 
sulfide to olefins does not occur readily and requires high pressures and 
temperatures. The products are those expected from Markownikoff’s 


rule (“normal addition,” p. 638). 


CHj—C=CH 2 + H*S 

I 

CH, 


SH 


100-300° 


Clay catalyst 
pressure 


> CHs—C—CH* 


CH, 


It appears 19 that unsaturated terpenes react with hydrogen sulfide more 
readily than do simple olefins. 

Various catalysts for this reaction have been used, including clay, 20 
metallic sulfides, 21 and sulfur.- Since mercaptans may add to olefins 

,s Kruincr and Reid. J. Am. Chcm. Sac., 43. 880 (1921). 

»• Borglin and Ott, U. S. pat. 2,052,210 [C. A., 30. 7089 (1936)1; U. S. pat. 2,070,875 
[C. A.. 31. 4017 (1937)1. 

M Reuter and Gaus. U. S. pat. 2.101.096 [C. A., 32. 954 (1938)1. 

« Williams and Allen. U. S. pat. 2.052.26S (C. .4.. 30. 7122 (1936)]. 

” Jones and Reid. J. Am. Chcm. Soc.. 60. 2452 (193S). 
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(p. 850), sulfides are by-products of the reaction. Disulfides and paraffin 

hydrocarbons are other by-products. 21 

Reduction of Disulfides. Disulfides undergo reductive cleavage with 
potassium sulfide, 23 zinc and acetic acid, 2 * or metallic sodium. 25 


KjS 


R—S—S—R 


K-Sa + 2RSK 


H: 


iZo + CH»COOU> 

N> 


-> 2RSH 
-> 2RSK& 


Since the disulfides are generally no more readily available than the 
mereaptans, this method is of limited usefulness. However, cleavage of 
disulfides with sodium may be used advantageously to prepare sodium 
mcrcaptidos. in this way avoiding the isolation of mereaptans. 

Hydrolysis of Thioesters. Reactive halogen compounds form, with 
potassium ethyl xanthate. S-alkyl ethyl xnnthates which may be hydro- 
lyzed to mereaptans. 2 * 


S 

II 

RX + KSCOC-H* — 


U- 


C—OC 2 H, 


non 


RSH + C,H*OH + COS 


While the salt of any thioacid might be used in this reaction, the xan- 
thates are the most readily available compounds of tlds type and are 
almost always employed in Initiatory practice. Sodium thiosulfate 
may also be used ” (p. 862) but reacts more slowly and requires care to 
avoid the formation of disulfides. 

RX + NaiSiOj — RSSOjN'a RSH + NaHSO. 


Miscellaneous Methods. Aliphatic sulfonyl chlorides are reduced 
to mereaptans by the methods used for the preparation of ih.ophenols 
(p. 844); this is not useful for the preparation of mereaptans since they 
arc more readily available than the aliphatic sulfonyl chlorides. Mcr- 
captans are formed, along with sulfides and polyaulfides, by the action 
of sulfur on the Grignard reagent (p. 507). Mereaptans are produced 


** Otto and IttMing. Be'.. 19. 3129 (IHKO). 

*« Nollor and Gordon. J. Am. them. Soc.. 66. 1090 (1933). 

M Stutr and Shriner, ibid., 66. 1242 (1933). . , ..... 

" Di-bun. Ann.. 72. 1 (1H40); Ann.. 76. 121 <1*50); Salomon. J. prakl. C hem. [2 1 6. 433 
(1873); Lcuckurt. ibid.. (2| 41. 179 (1H90); Hillman. Ann.. 339. 351 (1905); Muuthncr. 
/ter., 39, 1347 (1U0S,; lVhuga.lt an.l G,^u lT. Her.. 42. 4031 <1000,; Zmcke nnd J6rg. Her.. 
42. 3302 (1909); Zinrko and Duhm. He'.. 46. 3457 (1912). 

* 7 OtU* and Trocucr. Her.. 26. 990 (1K03). 
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when disulfides are used for the dehydrogenation of cycloparaffins 
(p. 863). Though alcohols may be converted directly to mercaptans by 
means of phosphorus pentasulfide, 23 this is not a useful preparative 
method. Ethyl iodide gives ethyl mercaptan 23 with aqueous hydrogen 
sulfide, even in the presence of acid. 0-Hydroxymercaptans, 30 /3-amino- 
mercaptans, 31 a-aminomercaptans, 32 and /3-ketomercaptans 33 are ob¬ 
tained by the special methods summarized in the following equations. 

CHr-CH* + HaS -» HOCHaCH-SH 
O 

CH,—CHa + HtS — H 2 NCHaCH*SH 

\/ 

N 

H 

RaNCHaOH + H*S -► RaNCHaSH + HaO 
CeH 6 CH=CHCOC ft m + H,S — C*H 6 CHCHaCOC»H 6 

SH 


Preparation of Thiophenols 

Reduction of Sulfonyl Chlorides. The reduction of an aromatic sul- 
fonyl chloride with zinc and aqueous acid or with stannous chloride 344 
is the most common method for the preparation of thiophenols. The 
yields are generally high (above 90 per cent), and the method is satis¬ 
factory unless nitro or other readily reducible groups are present. 

ArSOjCl + 3Hj ArSH + 2H,0 + HC1 

From Diazonium Salts. The reaction 35 of cold solutions of a diazo- 
nium salt and potassium ethyl xanthate forms a diazonium xanthate 

M Pishchimuka, J. Russ. Phys. Chcm. Soc.. 66. 11 (1925) [C. A.. 19. 2808 (1925)]. 

M Brown and Snyder, J. Am. Chcm. Soc., 48, 1920 (1926). 

40 Nonitzcscu and Scarlatcscu, Bcr., 68, 587 (1935). 

»» Mills and Bogort, J. Am. Chcm. Soc.. 62. 1073 (1940). 

n Binz and Ponce, ibid., 61, 3134 (1939). 

M Fromm, Haas, and Hubert, Ann., 394, 290 (1912); Nicolot, J. Am. Chcm. Soc., 67, 
1098 (1935). 

44 (a) Adams and Marvel. Org. Syntheses. CoU. Vol. I. 490 (1932); Vogt, Ann.. 119, 142 
(1801); (fc) Bogert and Bartlott. J. Am. Chcm. Soc., 63, 4046 (1931) ; Suter and Scrutchfield. 
ibid., 68, 54 (1930). 

" Leuckhardt, Bcr., 21. 915 (1888). 
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which, upon warming, forma an S-aryl ethyl xanthate. Alkaline hydro!- 
ysis 36 of the last gives a thiopbenol. 


ArN* + X- + KSCOC*H s — ArX 



- ArSCOCsHj + N: 
| non 

ArSH + COS + CaHiOH 


The reaction is generally mild but occasionally explosions occur 34 when 
the xanthate and diazonium solutions are mixed. 

S-Aryllsothiouionium salts may l>c prepared * by the reaction of 

diazonium salts with thiourea; these are converted by alkaline hydrol>- 
sis to thiophenols. 

/ NHl T ^ NH M v- Na ° n 

ArSH + (H.NCN). + NaX + H,0 

Similar results may be obtained *» if thiourea is replaced by diphenyl- 

thiourea or 1,4-diphcnylthiosemicarbazidc ... ... 

Small yields of thiophenols have been obtained, along with sulfides 
and disulfides, by the reaction >• of diazonium salts with hydrogen sul¬ 
fide, sodium sulfide, and sodium thiosulfate. 

Other Methods. Thiophenols have been obtained in poor yields by 
the reaction of phenols with phosphorus pcntasulfidc » and by the re¬ 
action of aromatic compounds with sulfur in the presence o aluminum 
chloride.*” Thiophenols arc formed, along with sulfides and disulfides, 
by the action of sulfur on the Grignard reagent (p. 508). Aryl halide, in 
which the halogen is activated by the presence of other subs Ituen s re¬ 
act with thiourea according to the scheme described earlier (p. 841) for 
alkyl halides; for example, 2-ehloro-5-i.itropynd.nc may be converted 
to 2 -mercapto- 5 -nitropyridi,ie.* 1 The reductive cleavage of disulfides 
(p. 843) is common to both aromatic and aliphatic derivatives The h>- 
drolysis of thiourcthanes« produces thiophenols. Sulfhydryl com¬ 
pounds are formed by the reduction of tl.iolsulfon.c esters (p. 909). 

- HanUsch and Frcc*c. Her.. 28. 3210 ( W«). 

*» Bunch and Rchuls. J. prnkl. Chem.. 150. 173 (103S). 

“Grioaa. Ann.. 137. 74 ( 1800 ,; Cracbo and Mann. Her 16. »30M.>. »‘-‘dki-. Her.. 
17. 2078 (1884,; Klaaon. lUr.. 20. 340 (1887); 1**«"««. (I8J2, ‘ 

»» Flosch. Her.. 6, 478 (1873>; Fittica. Ann.. 172. 303 (1S74,. 

-FriSrf and Crafls. 4-. Mm. Mj... |0| 14. 438 (1888); Class and Ro.d. J. Am 
Chem. Soc., 61. 3428 (1920,. 

41 Surrey and Lindwall. J. Am. Chem. Soc.. 62. 1097 (1940). 

« v. Braun, Her., 42. 4608 (1009,. 
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Reactions of Mercaptans and Thiophenols 

With Alkal i. Sulfhydryl compounds are considerably more acidic 
than the corresponding hydroxyl compounds and, as would be expected 
by analogy with their oxygen analogs, thiophenols are more acidic than 
mercaptans. 

Low-molecular-weight mercaptans and thiophenols dissolve in 
aqueous alkali with the formation of extensively hydrolyzed mercap- 
tides. 

RSH + NaOH <=* RSXa + H 2 0 

However, sodium methyl mercaptide may be isolated from aqueous 
solution, 4 * and the sodium salts of some high-molecular-weight thio¬ 
phenols arc quite insoluble. Mercaptans of high molecular weight are so 
insoluble in water that the above equilibrium is shifted to the left and 
these mercaptans are therefore insoluble in aqueous alkali. 44 

In refining gasoline, the removal of mercaptans is based on their 
solubility in alkali. The naphtha is washed with alkali, removing most 
of the mercaptans of low molecular weight. The solubility of mercaptans 
in hydrocarbons, however, shifts the mercaptan-mercaptide equilibrium 
and some mercaptans, especially those of high molecular weight, remain 
in the hydrocarbon layer. The method is improved by the addition 45 
of substances such as sodium isobutyrate which increase the solubility 
of mercaptans in the aqueous layer. Steam distillation of the aqueous 
mercaptide solution removes the mercaptans, and the alkaline solution 
remaining may be used again for the treatment of naphtha. 46 

The sodium mercaptides are useful for the synthesis of sulfides 
(p. 854). Alcoholic alkali may be used for the preparation of mercap- 
tides from mercaptans which are insoluble in aqueous alkali. In reac¬ 
tions which require anhydrous conditions the mercaptides are prepared 
by the reaction of mercaptans with sodium alkoxidcs. 

RSH + ROXa -* RSXa + ROII 

With Salts of Heavy Metals. The reaction of a mercaptan or thio- 
phenol with an aqueous solution of the salt of a heavy metal gives a 
highly insoluble mercaptide. Mercury, lead, zinc, and copper mercap- 
tides have probably been the most widely studied 47 of compounds of 

° I’liillip* and Clarke. J. Am. Chan. Soc., 45. 1755 (1923). 

44 Yabroff, Ind. Eng. Chan.. 32. 257 (1940). 

44 Yabroff, Berkeley and White. U. S. pat. 2.149.379 [C. A.. 33. 4412 (1939)]; U. S. pat. 
2.149.380 (C. A.. 33. 4412 (1939»; Yabroff and White. Ind. Eng. Chan.. 32. 950 (1940). 

44 Birch and Norris. J. Chcm. Soc.. 127. S9S (1925). 

47 Werthcim. J. Am. Chcm. Soc., 61, 3GG1 (1929); Sacha, Schlesingor, and Antoine. 
Ant,.. 433, 154 (1923); Bertram, Da.. 26. 03 (1892) ; Klaaon. Der.. 20 3412 (18S7). 
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this type, but many others (silver, gold, platinum, palladium, iridium, 
nickel, iron, cobalt, tin, and cadmium mercaptides) have been prepared. 4 * 

2RSH + (CHaCOOhPb —* Pb(SR)i + 2CH 3 COOH 

Yellow 

The mercaptides arc covalent compounds, insoluble in water and 
soluble in organic solvents. Some of them are so readily formed* and 
so insoluble in water that they are precipitated even when a strong acid 
is the other product (e.g., the reaction of a mercaptan with silver ni¬ 
trate). However, in order to insure complete precipitation of the men- 
captide, the acid is neutralized or the reaction earned out with the 
metallic salt of a weak acid (mercuric cyanide, mercuric oxide, lead 
acetate, etc.). When polyvalent metals are used, the intennediate ex¬ 
pected from the stepwise reaction of the mercaptan with the salt may 
sometimes be obtained. For example, alkylmercaptomercunc chlondo 
may be obtained from the reaction of mercaptans with mercunc chlo¬ 
ride in alcohol solution. 4,160 

RSII + IlgCh RSHgCl + HC1 


The lead mercaptides from the higher mercaptans are soluble in 
gasoline 61 but are converted by atmospheric oxygen to insoluble per¬ 
oxides. 12 The mercaptides of heavy metals may be used in metathetical 
reactions in the same way as the sodium mercaptides. The mercury and 
lead mercaptides differ in their behavior upon pyrolysis; the former give 
disulfides and the latter sulfides. w 

(RS),IIg - RSSR + Ug 
(RS)*Pb RSR + PbS 

An unsymmetriral mercury mercaptidc, “mcrthiolatc,” is used as 
a germicide. 

COONa 

L JLsiigCciu 


1 (1003) ; Hofinunn and Kabe. A. anorg. ...... 

<I8 ^Tho nuinc "mercaptan 11 result a fro... .lie ready reaction of this aerie, with mercury 

Balts (’corpus inercuriui* coptuna”). _„ , ... . ... 

«• Debus, Ann., 72. 18 (1930); Gcriich. Ann.. 178. 88 (18/5); Kay. J. (.hen. **.. 116. 

871 “Rawlings. J. Chcm. Sac., 808 (1037); Frederick and Challenger. 1872 t»93S). 

« Foro and Boat. J. Am. Chtm. Sac.. 69. 2557 (1037). 

”Ott and Reid. Ind. Eng. CSem.. 22. 8H4 (1930). 

11 Otto. Her.. 13. 1289 (1880). 
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With Carboxylic Acids. The reaction 64 of mercaptans and thio- 
phenols with carboxylic acids other than formic acid is analogous to the 
esterification of alcohols. Assuming that the mercaptans, like the alco¬ 
hols, 68 react initially by addition to the double bond of the carboxyl 
group, it is understandable that the products are thiolesters and water, 
rather than esters and hydrogen sulfide. 



The reaction is reversible and the equilibrium unfavorable for the for¬ 
mation of thiolesters in good yields. For example, in the reaction of 
ethyl mercaptan with benzoic acid the velocity constant (k x ) of the 
esterification reaction is one thirty-second of that of the hydrolysis 
reaction (fc 2 ). In this case, the equilibrium mixture from equimolar 
quantities of the reactants contains only 15 per cent ethyl thiolben- 
zoate. 8 ® In the corresponding esterification with ethyl alcohol and ben¬ 
zoic acid, A: x is about four times k 2 and at equilibrium about 67 per cent 
of the reactants have been converted to ethyl benzoate. It may be 
noted that the above mechanism agrees with the observation (p. 936) 
that thioacids react with alcohols to give esters and hydrogen sulfide. 

The primary mercaptans give approximately the same yields of 
thiolesters with the exception of methyl mercaptan, which gives slightly 
higher yields. 87 The difference in reactivity 88 between primary and 
secondary mercaptans is similar to the difference between primary and 
secondary alcohols. 

The reaction of formic acid with mercaptans and thiophenols does 
not stop with the formation of a thiolformate; the products are trithio- 
ort hoformates. 89 

O O SR 

II II 2RSH I 

RSH + HCOH -► II 2 0 + HC—SR -> H z O + HC—SR 

I 

SR 

M Faber and Reid, J. Am. Chcm. Soc.. 39. 1930 (1917). 

“ Roberts and Urey, ibid., 60. 2391 (193S); ibid., 61. 2584 (1939); Datta, Day, and 
Ingold, J. Chcm. Soc., 838 (1939); Hughes, Ingold, and Mastcrman. ibid., 840 (1939). 

88 Reid, Am. Chcm. J., 43. 4S9 (1910). 

” Pratt and Reid, J. Am. Chcm. Soc.. 37. 1934 (1915). 

M Kimball and Reid, ibid.. 38. 2757 (191G). 

69 Holmberg, Ann., 363. 131 (1907). 
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The carboxylic acid chlorides (but not sulfonyl chlorides [p. 907]) 
react normally with mercaptans and thiophenols, giving thiolesters 

P With Aldehydes and Ketones. The reaction of sulfhydryl compounds 
with the carbonyl group is analogous to the formation of acetals from 
alcohols but two important differences may be emphasized: « » 
hydryl compounds have a much greater reactivity than hydroxyl 
compounds in addition reactions. Although the phenols do not re¬ 
act with carbonyl compounds to form acetals or ketals and although 
alcohols seldom give ketals directly by reaction with ketones (p. 6o3), 
thiophenols and mercaptans react with both aldehydes and ketones. 
(2) The products obtained from sulfhydryl compounds are much more 
stable than acetals and ketals. Mcrcaptals and mercaptols are not 
readily hydrolyzed by acid and are stable toward alkaU. 


>0=0 + RSH — 



The products obtained from aldehydes arc known as mcrcaptals, and 
those from ketones as mcrcaptals. The initial product of the reaction is 
a hcmimcrcaptal (or hcmimcrcaptol) which reacts with another mole of 
sulfhydryl compound spontaneously or in the presence of a catalyst 
to give the mcrcaptal (or mercaptol). HemimcrcaptoU have been ob¬ 
tained from the quinoncs derived from the polynuclear aromatic 
hydrocarbons," from chloral, from alloxan," and from formaldehyde 
(monothiohemiformals). Monothioformals may be prepared" from 
a-chloromethyl sulfides or ethers. 


RSII 


RSCHaCl 


R'OII 


RSCHsOR' 


nsil . ciijO 

<-- CICH-OR <— 


R'OII 


Dimercaptols arc formed by the reaction of mercaptans with both 
carbonyl groups of diacetyl, acctylacetone and acetonylacetone but in 
other 1,2 and 1,3-diketoncs only one carbonyl group reacts." Mercur¬ 
ials and mercaptols may be prepared " from aldehyde and ketone sugam 
by reaction with mercaptans in the presence of hydrochloric acid. Hie 


"Baumann. B.r., 18. 884 (.886): 19. 2803 ( 1 M 0 ): Pn-ncr. B,'.. S«. 290 (IMS); Brr. 
32. 1230 (1800) ; Autowicth. Ann. 269. 305 (1R90,: "-..24. 100 <18911. 

•> ScliOnbcrR, SchuU. Annul. and Polar. Dcr.. 60. 2344 <19-.'I- 
»d'Ouvillo. Myers, and Connor. J. Am. them. Soc.. 61. -Odd (19.J9). 

•* Levi, Gazz. chim. ital., 62 . 775 (1932). imnMo t7i 

“ Bohmo. Her.. 69. 1010 (1930); Wcnsd and Rod. J- Am. them. Soc.. 69. 1090 (1937). 

•* Pottncr, Dcr., 33, 2083 (1900); Her.. 36. 503 (1902). 

“ Fischer. Dcr.. 27. 073 (1884); Lawrence. «".. ^7 <1990); Ildfcnch. und 

Oslman, tier.. 63. 873 (1920); Uycdn. Hull. Chcm. Soc. Ja/Htn.. 4. .04 (1J-9). 
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products are readily crystallized, not very soluble in water, and have 
been useful in sugar chemistry (p. 1575). 

With a,/3-Unsaturated Ketones, Acids, and Esters. Mercaptans and 
thiophenols react 67 with ar,/3-unsaturated ketones, esters, and acids, giv¬ 
ing 0-aLkylthio derivatives (presumably by 1,4-addition). 

C*H 6 CH=CHCOC*H 5 + RSH -» 

OH 

I 

CeHsCH—CH-=C—CeH 6 — CeH & CHCH 2 COC«H 6 

I I 

SR SR 

In some cases the reaction occurs without a catalyst, in others piperidine 
or sodium ethoxidc is necessary. The above reaction may be reversed 
by treatment with a base in the presence of lead acetate. 

2CeH 5 CHCH a COC«H» + Pb(OCOCH,)* + 2N'aOH — 

SR 

2C*H*CH—CHCOCell* + Pb(SR), + 2CH 3 COONu 

With Olefins. 68 Although hydrogen sulfide adds to olefins (p. 8-12) 
in accordance to Markownikoff’s rule (“normal addition”), most of the 
reactions reported for mercaptans and thiophenols occur in the manner 
contrary to this rule 72 (“abnormal addition”). The apparent contra¬ 
dictions concerning the mode of addition which appear in the older 
literature are a result of an incomplete understanding of the factors in¬ 
fluencing the addition. Addition in the fashion opposite to that ex¬ 
pected from Markownikoff's rule is catalyzed by peroxides, 22 * 70 light, 71 
and phosphoric acid. 72 Ordinary samples of hydrocarbons and thio- 
phcnols appear 22 to contain enough peroxides to bring about this reac¬ 
tion. No addition occurs with carefully purified reagents; 22 in the pres¬ 
ence of sulfur 22 (as ethyl tetrasulfide) or sulfuric acid 72 (diluted with 
water or acetic acid) reaction occurs in accordance with Markownikoff's 
rule. 

e7 Nicolct. J. Am. Chrm. Soc.. 53. 30GG (1931); ibid.. 57 . 109S (1935); Morgan and Fried¬ 
man. Divelum. J., 32. 733 (193S). 

4 * For u more complete review of this subject, see Mayo and Walling. Chcm. Rev., 27. 
351 (1940). 

e * I’osner, Her.. 38. G4G (1905); Ashworth and Burkhurdt. J. Chcm. Sue., 1791 (1928). 

70 Kharasch, Rend, and Mayo. Chcm. and Ind., 752 (193S). 

71 Carothers, J. Am. Chem. Soc.. 55. 2008 (1933). 

13 (a) Ipatieff, Pines, and Friedman, ibid.. 60. 2731 (193S); (6) Ipatieff and Friedman 
ibid.. 61. 71 (1939). 



ORGANIC SULFUR COMPOUNDS 


851 


Peroxides 


(CH 3 ) 2 C=CHCH 3 + RSH- 


■> (CH 3 ) 2 CH—CHCH 3 (90%) 

I 

SR 


SR 

Hs?;0< - > (CH 3 ) 2 C—CH 2 CH 3 (707 c) 


Addition to acetylenes will also occur, 73 but there are indications ■' 
that it may not take place as readily as with olefins. 

CaH&C^CII + RSH —* C«H$CH—CHSR 

With Nitriles, linino thiolcsters are formed by the reaction of iner- 
eaptans and thiophenols with nitriles 7 « in the presence of dry hydrogen 
chloride. 


ROhN + R'SH 


HO 


R—C 


.XH-HCl 


* 


SR' 


Solid derivatives suitable for the identification of cyanides are obtained 
by the reaction of mercaptoacetic acid with cyanides. 74 

With Oxidizing Agents. Compounds containing the sulfhydryl group 
are readily oxidized to disulfides and, by strong oxidizing agents, to 
other products (pp. 802, 888, 907). 

2RSH + O —* RSSR + H*0 

Such varied reagents as halogens, hypohalitos, nitric acid, concentrated 
sulfuric acid, potassium permanganate, potassium ferricyan.de, sulfuryl 
chloride, ferric chloride, sodium polysulhde, "positive" halogen com¬ 
pounds (p. 854), sulfur dioxide, and atmospheric oxygen constitute a 
partial list of the substances which oxidize mcrcaptans and thiophenols. 
Oxidation by air occurs very readily, especially in alkaline solution. 
Though the oxidation of sulfhydryl compounds to disulfides will be dis¬ 
cussed later (p. 801), it may be noted that the use of iodine as the oxidiz¬ 
ing agent for this reaction has been adapted to the quantitative deter¬ 
mination of these compounds.” Elementary sulfur" also causes the 
oxidation of sulfhydryl compounds. 

»• Kohler and Potior, ibid.. 67. 1310 (1935): Fr. pat. 777.427 [C. A.. 29. 4024 (1035)1; 
Gor. pot. 017,543 (C. A., 30. 733 (1930)1. 

’•Autanricth and Bruninn. Her.. 36. 3104 (1903); Pinner and Klein. Brr.. 11. 702 

( 8 ’‘Condo, Hinkcl. Faaaero. and Slirinor. J. Am. Cktm. S»c.. 69. 230 (1937). 

’• Sampoy and Reid, ibid.. 64. 3404 (1932). 

” Holinbcrg. Ann.. 369. 81 (1908). 
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“Sweetening’' gasoline is a commercial application of mercaptan 
oxidation. Litharge is dissolved in alkali and the plumbite solution 
(“Doctor” solution) agitated with “sour” naphtha. This converts the 
mercaptans to soluble thioplumbites (RSPbONa) and to lead mercap- 
tidcs. The former are removed in the aqueous layer and the mercap- 
tides remain in solution in the hydrocarbon layer (p. 847). Treatment 
with sulfur converts the mercaptides to disulfides. 

(RS)*Pb + S -* RSSR + PbS 

Load sulfide is precipitated and the disulfides remain in solution. The 
presence of disulfides in gasoline is less objectionable than that of mer¬ 
captans because the mercaptans are more corrosive 78 and have a more 
disagreeable odor. 

With Organometallic Compounds. The sulfhydryl group, one of the 
most reactive of the active hydrogen types (p. 409), will liberate a hydro¬ 
carbon from organometallic compounds, with the formation of a mer- 
captidc. 

RSII + R'M — RSM + R'H 

M - a metal 

Mercaptans and thiophcnols will react with tricthylbismuth and tetra¬ 
ethyllead. These two organometallic compounds may give a limited 
reaction with strong carboxylic acids but do not react with =»NH, 
—Oil, —C==CII, —X—N—, or —X0 2 groups and they may therefore 
be used for the detection and determination of sulfhydryl groups. 79 

Other Reactions. The identification of mercaptans by reaction of 
their sodium salts with sodium a-anthraquinonesulfonate (p. 895), the 
reaction of mercaptans with sulfonyl halides (p. 907), with ethylene oxide 
(p. 857), with formaldehyde and amines (p. 857), with anhydrides and 
acyl halides (p. 932), and with halogens (pp. 920 and 889) are mentioned 
in other parts of this chapter. Primary and secondary mercaptans give 
a red color 80 with nitrous acid; tertiary mercaptans and thiophcnols 
give a green solution which later changes to red. The nitroprusside 
test 81 is commonly used for the qualitative detection of the sulfhydryl 
group. 

M Wendt and Diggs, Ind. En Chon.. 16. 1113 (1924): Morrell ond Faragher, ibid., 
19. 1015 (1927); I.nrhtnan, ibid.. 23. 354 (1931). 

T * Gilman and Nelson. J. .4m. Chcm. Soc.. 69. 935 (1937). 

M Ithcinlxildt. Her., 60. 1S4 (1927). 

81 Mullikcn. "Identification of Pure Organic Compounds." John Wiley A Sons. Now 
York { 1922). Vol. IV. p. 17; Kamin. "Qualitative Organic Analysis," 2nd od.. Jolm Wiley 
A Sons. New York (1932). p. 102. 
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General Characteristics 

The low-molecular-weight sulfides (thioethers) have odors 82 which, 
though disagreeable, are not so objectionable as those of sulfhydryj 
compounds. Diallyl sulfide is an important constituent" of oil 
of garlic (Allium * sativum). y-Hydroxypropyl methyl sulfide 
(CH 3 SCH 2 CH 2 CH 2 OH) has been isolated from soy sauce. The natu¬ 
rally occurring a-amino acids methionine (p. 1136) and djenkohe acid 
(p. 1135) are also sulfides. 



The sulfides are non-associated substances with boiling points 
(Fig. 2) about the -same as those of hydrocarbons, ethers, and mercap¬ 
tan* of the same molecular weight (S of cither sulfide or tluol = CH.-O 

of an ether o CH,—CH 2 ). It has been pointed out that “ —S— and 


•• WcrJhcim'^n”', wTitMMWM): 66 ' f 2 (I ^ S, : Ann " 37 tlS '" i,; 

Ludwig. Ann., 139. 121 (1860); SommlcT. Ann.. Ml. 117 UW7|. 

• The name of tho ollyl radical is derived from allium. 

M Akabori. J. t hem. Soc. 67. 832 <1930, [C. A.. 31. 1355 <1937)1. 

•» Moyer, Her., 16. 1405 (1883); Erlcnmeycr. Berger, und Leo. licit. Chun. Ada. 16. 737 

(1933). 
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—CH=CH—are isosteric and there are many striking similarities in 
the chemical, physical, and physiological properties of isosteres con¬ 
taining these structures. 

Preparation 

By Alkylation. The reaction of mercaptides with alkylating agents 
(alkyl halides, alkyl sulfates, sodium alkyl sulfates, or alkyl sulfonates M ) 
is analogous to the Williamson synthesis of ethers but occurs much more 
readily. 

RSNa + RX-* RSR + NaX 

Alcohol is usually a good solvent for the reactants and is frequently used 
as the reaction medium (c/. p. 846). 

Polyhalogen compounds 59 • 87 such as methylene halides, 25 dichloro- 
acetamide, 93 ® chloroform, 1,1.2-trichloroethane, ethylene halides, acety¬ 
lene dichloride, and acetylene tetrachloride behave normally in this re¬ 
action, with complete replacement of the halogens by alkylthio groups. 
Carbon tetrachloride 88 and some alkylene halides 89 cause oxidation of 
the mcrcaptide to disulfide. 

CCU + oRSNa + C*H 6 OH— CH(SR), + RSSR + 4NaCl + NaOC 2 H 6 
CalUCHBrCHBrCeH* + 2RSNa — C.H 6 CH—CHC*H 6 + RSSR + 2NaBr 

Instead of undergoing metathesis, compounds containing “positive” 
halogen may oxidize the mcrcaptide to disulfide. For example, triben- 
zoylmethyl chloride 90 and sodium p-tolylmercaptide give the sodium 
salt of tribenzoylmethane and di-p-tolyldisulfide. 

(C e H 6 CO) 3 CCl 4- 2 p-CH 3 C*H 4 SNa — 

ONa 

I 

(CeH 6 CO) 2 C=CC*H* + CH 3 CaH 4 SSC fl H 4 CH 3 + NaCl 

Other halogen compounds which may cause oxidation of mercaptides 
include ethyl a-chloroacetoacetate, 91 phenacyl chloride, 90 bromonitro- 

•* Gilman and Bcabor, J. Am. Chem. Soc.. 47, 1449 (1925). 

"Gabriel. Dir., 10. 185 (1877); Otto. Bcr.. 27. 3055 (1S94); Otto. J. prakt. Chctn.. 12) 
61. 285 (1895); Otto and Muhlc. Bcr.. 28. 1120 (1895); Fromm. Bonzinger, and Schufer, 
/Inn., 394. 325 (1912); Fromm and Siebcrt. Bcr. 66. 1014 (1922); Fromm and Landmann. 
Bcr., 66, 2290 (1923); Kohler and Tishlcr. J. Am. Chctn. Soc.. 67. 223 (1935); du Vigncaud 
and Patterson, J. Biol. Chcm., 114. 533 (1936). 

” Bucker and Stcdchoiidcr, Rcc. trav. chim.. 62. 437 (1935). 

89 Otto. Bcr.. 23. 1051 (1S90); Otto nnd Muhlc. J. prakt. Chcm.. [2J 51. 517 (1S95); Otto 
ibid., (2) 63. 1 (1S96). 

90 Kohler and Potter. J. Am. Chem. Soc.. 68. 2166 (1936). 

91 Finger and Hemmoter. J. prakt. Chcm., 79. 449 (1909). 
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methane,* 2 a-bromo amides, 93 " a-sulfonyl-a-halo-amides, 936 •' and a-bro- 
mosulfones. 94 The oxidation reaction is favored by high temperatures; 
metathesis may sometimes be made the main reaction 93 by operating 
at room temperature or lower. 

While aryl halides which lack activating groups do not undergo 
metathesis with sodium mereaptidcs under ordinary conditions, p-nitro- 
chlorobenzene ,e “ and 2,4-dinitroehlorobenzene “ react to give sulfides. 
It has been reported that sulfides are formed by the reactions of aryl 
bromides with lead mereaptidcs,- and of aryl iodides with sodium mer- 
captides in the presence of copper.* 1 

(RS)jPb + 2ArBr -» 2RSAr + PbBr» 

RSNa + Arl —> ArSR + Xal 

The preparation of symmetrical sulfides may Ik- carried out success¬ 
fully by the action of alkylating agents on sodium or potassium sul¬ 
fide. 111 '' - 

2RX + K s S - RSR + 2KX 

The conversion of thiophcnols to sulfides may be accomplished in the 
presence of sulfuric- acid, using tertiary alcohols or olefins as alkylating 
agents. 72 " • 99 


(CHa)aCOH- 

or 


IIjSO* 


(CH*)*COSOjH 


ArSli 


> (CH,)jCSAr + H,S0 4 


(CH,)*C—CH, 

From Olefins. The formation of sulfides from olefins by the addi¬ 
tion of hydrogen sulfide, mercaptans. and thiophcnols has already been 
discussed (pp. 843, 850) and needs no further mention. 

Sulfur chloride (S 2 CI 2 ) reacts with olefins by addition to two equiva¬ 
lents of the unsaturated compound. Though the mechanism of the 
reaction is obscure, it appears to involve two stages ‘•• and it is likely 
that sulfur dichloride (SCI 2 ) is the reactive agent.' 01 The fate of the 

" Mel nikov. J. den. Ckem. (U..S-S./M. 7 . 1510 (1937, |C. A. SI 8504 <I937)|. 

•» <«, d'Ouville und Connor. J. Am. Chrm. Sue.. 60. 33 (^; (6) /.ealcr and Connor. 
Odd., 62. 1049 (1910,; (c> Burr. Ziegler. and Connor. ibut.. 63. lOo (1J4I). 

•• ZicKler and Connor, ibid.. 62. -’590 (194 U. 

•* Bo*t. Turner, und Norton, ibid.. 64. 19*5 (1032). 

•* BourKcoi*. lUr.. 28. 2312 (IS95»; Kr..(« and Bourgeois. Her.. 23. 304o (1890). 

” Muuthnor. Her., 39. 3593 (1000). 

*• Cuhourit und Hofmann. Ann.. 102. 291 (1K57). 

99 I-oo. U. 8. pat. 2.020.421 [C. ,1.. 30. 4*9 <1930)). 

,#0 Conant. Hurtuhorn. und Kichnrdxm. J. Am. < hem ^. 42 Mb 09-0). 

••• Patrick und Ilnrkermun. J. I’hy ". Cb.m.. 40. 079 (1930); Cooley and \o*t. J. Am. 
Cficm. Soc., 62. 2474 (1940). 
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extra sulfur is uncertain, 102 but some of it is present as disulfide and tri¬ 
sulfide. This reaction was used 103 by the Allies in the war of 1914-1918 
for the conversion of ethylene to mustard gas. 

S2CI2 <=* SC 1 2 + S 
CH2—OH* + SC 1 2 -> CICH2CH2SCI 
CICH2CH2SCI + CH2=CH 2 -* CICH2CH2SCH2CH2CI 

The mecnani'sm indicated for this reaction suggests that sulfenyl chlo¬ 
rides should be capable of reacting with olefins; examples of this have 
been noted ,w but not extensively investigated. 

ArSCl + CH2=Cn 2 — ArSCHtCHiCl 


The reaction of sulfur chloride (S 2 C1 2 ) with dimethylbutadiene and 
isoprene occurs by 1,4-addition; l0i butadiene is chlorinated by this re¬ 
agent. 

Cl Cl 

I I 

CHr-C-C—CH3 CH3—C-C—CH S 

II II + S2CI2 ,r » I I 

CH a CHa Co,d CH, CHa 

Nr 


From Diazonium Salts. Symmetrical aryl sulfides may be obtained 
by 106 the reaction of diazonium salts with sodium sulfide or sodium thio¬ 
sulfate. Thiophcnols 107 and disulfides 108 may be by-products of the 
reaction. 

2ArNa + X“ + NaaS — ArSAr + 2NaX + N* 


Unsymmetrical diaryl sulfides or alkyl aryl sulfides may be ob¬ 
tained 109 by the reaction of diazonium salts with the sodium salts of 
thiophcnols or mcrcaptans. The products are diazosulfides, which upon 
heating in alcohol solution decompose to give sulfides. 

ArNj + X- + RSNa -* ArN=NSR A ArSR + Nj 
• 

» oa Poising. Aronson, nnd Kopp. Ind. Eng. Chem., 12. 1054 (1920); Markovich. Colloid J. 
( V.8.S.R .). 2. 425 (1920) [C. A.. 30. 7011 (1936)1- 

103 Poising nnd Aronson, Ind. Eng. Chem., 12. 1005 (1920); Gibson nnd Pope, J. Chcm. 
Soc.. 117. 271 (1920); Croon. J. Soc. Chem. Ind., 38. 409 (1919); ibid.. 39. 303 (1920). 

104 I-ocher ct a/.. Her.. 65. 1474 (1922). 

,0J Backer nnd Strating. Rce. trav. chim., 54. 52 (1935). 

,oe Griess, -Inn.. 137. 74 (1SGG): Stndlor. Her.. 17. 2078 (1884); Klason, Ber., 20. 349 
(1887); Tassinnri. Her.. 25. 90S (1892). 

107 Graebe nnd Mann. Dir.. 15. 16S3 (1SS2). 
m PurRotti, Cazz. chim. ital., 20. 24 (1S90). 

,M Stad)er. Ber.. 17. 2075 (1S84); Ziegler. Ber., 23. 2409 (1890); U. S. pat. 2,011,582 
[C. .1., 30. 4S9 (1930)1. 
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From Aldehydes and Ketones. The mercaptals, raercaptols, trithio- 
orthoformatcs (pp. 848-9) and the cyclic trimcrs of thioaldehydes and 
thioketones (p. 923) are sulfides which are prepared by methods described 
elsewhere. a-Dialkylaminosulfides may be obtained in good yields 10a 
by the reaction of mercaptans and secondary amines with formaldehyde. 

RSH + CH*0 + HNR? —» RSCHjNR* + H 2 0 

a >a ^Di-(dialkylamino)-sulfides are formed « by the reaction of hydro¬ 
gen sulfide with methylol amines obtained from formaldehyde and 

secondary amines. 

R a NH + CHiO -* RiNCHjOH 

2RjNCH*OH + HjS RjNCHtSCHjNRi + 2H : 0 

The formation of a-chloromcthylsulfides from mercaptans, formalde¬ 
hyde, and hydrogen chloride has been mentioned previously (p. 849). 

Other Methods. Sulfides are formed by the thermal decomposition 
of lead mercaptidcs (p. 847), the replacement of the -S0 3 Na group m 
certain aromatic sulfonates (p. 895), and the introduction of the Rb- 
group into active methylene compounds by the use of thiolsulfomc 
esters (p. 910) or sulfenyl chlorides (p. 923); these methods are discussed 
elsewhere. Sulfides may also be obtained (1) analytically from mer¬ 
captans in the presence of a metallic sulfide catalyst at high tempera¬ 
tures, (2) from aromatic hydrocarbons and chlorides of sulfur and (3) 
from the reaction of ethylene oxide with hydrogen sulfide,” mercap- 

tans, 11 * or thiophcnols. a , H « 

2RSII -* HSR + H-S 


Metallic 

-alf.de 


Aril + SsCI* -* ArS-CI 


NaiS 


-> ArSH 



+ 2SjC1j 


cco 



C.He + SsCU —> C«H»SC.H» + CeHiSH + C«H*SSC«H fc + CflH «\ s / C ‘ H 
CHr—CH a + HaS — HOCHaCHaSH — HOCH 2 CHaSCH 2 CH 2 OH 


N>/ 


CHa—CHa + RSH —* HOCHaCHaSR 

n N> // 


iu K^fft^nd 1 H. IMS (1878): Fricdlandei 

and Simon. Dcr.. 56 . 3909 (1922); Wood and Ficscr. J. Am. C hem. .V*.. 62 . 20,4 (1940) 
»* Fromm and J6rg. Dcr., 68. 304 (1926). 
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Reactions 

With Halogens. Under anhydrous conditions sulfides react with 
chlorine, 113 bromine, 113 ' 114 or iodine 116 to form dihalide addition products. 
These products may be considered molecular compounds, or as having 
a structure similar to that of sulfonium salts (p. 419). 

R—S-R + X, R 2 S-X, [ t 1 X- 

LR—S—Rj 

The formation of dihalidcs occurs with great ease 118 when methyl or 
methylene groups are adjacent to sulfur. The reaction with bromine 
takes place so readily that it has been used 117 as a quantitative method 
for the determination of sulfides. The reaction of halogens with aryl 
sulfides 113 must be carried out below 0° to avoid nuclear halogenation. 

In the presence of water the simple sulfides are oxidized by halogens 
to sulfoxides, 113 probably by formation of the dihalide, followed by hy¬ 
drolysis (p. 871). If the reaction is carried to completion, suifones are 
formed. 118 Under these conditions compounds containing two sulfide 
linkages attached to the same carbon atom 119 (mercaptals, trimeric 
thioaldehydes, etc.) may be cleaved with the formation of sulfonyl 
chlorides. 

(RS) 2 CH 2 + 6CU + 5H*0 — 2RSO,Cl + CH*0 + 10HC1 
(CHsS)s + 7C1* + 5H*0 — 2C1CH*S0*C1 + CH 2 0 -4- 10HC1 4- S 

With Inorganic Salts. The sulfides form addition compounds 120 with 
salts of the heavy metals such as mercury, platinum, palladium, and 
gold. Probably these form as a result of the donor activity of sulfur, 
and the products obtained from mercuric iodide, 121 for example, may 
be represented as follows. 

R 2 S + Hgli —» R— S— »HgI 2 

R 

“•Fries and Vogt. Ann.. 381, 337 (1911). 

“ 4 Chelintzev. J. Russ. Phys. Chem. Soc., 44. 1SS5 (1913). 

m Patcin. Dull. soc. chim., 50. 201 (188S). 

m Fromm and Raizisa. -Inn., 374. 90 (1910). 

1,7 Sainpey, Slagle, and Reid. J. Am. Chem. Soc.. 54. 3401 (1932). 

111 Bocsekcn, Rcc. Irav. chim., 29. 315 (1910). 

1,9 Lee and Dougherty, J. Org. Chctn., 5. SI (1940). 

120 Loir. Ann.. 87. 3G9 (1853); Ann. chim. phys.. (3) 39. 441 (1853); Blomstrand. J. prakl. 
Chem., (2) 38, 525 (1S88); Faragher, Morrell, and Comay. J. Am. Chem. Soc., 61. 2774 
(1929). 

“• Phillips. J. Am. Chem. Sne.. 23. 250 (1901). 
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These addition compounds are usually solids. Those obtained with mer¬ 
curic chloride have been useful “ in the isolation of sulfides from petro¬ 
leum distillates; the alkyl sulfides may be recovered by treatment of the 
addition products with hydrogen sulfide. Solid products obtained by 
reaction with palladous chloride have been used for the identification 


of sulfides. 

With Cyanogen Bromide. The cleavage of sulfides by cyanogen 
bromide 124 is analogous to the cleavage of the amines with this re¬ 
agent. The products obtained from unsymmetrical sulfides depend 
upon the “relative electronegativities’ (p. 1072) of the groups; if both 
are saturated alkyl groups the smaller radical appears predominantly as 
the bromide. ^ + ^ _ R . Br + RSCN 


Other Reactions. The reactions of sulfides with alkyl halides, (p. 867) 
and with oxidizing agents (pp. 870, 874) are discussed elsewhere Sul¬ 
fides form addition products with hexapheny let bane. ■“ The hydrogen 
attached to the a-carbon in sulfides is more acidic than in the corre¬ 
sponding ethers; this is shown by the observation that methyl phenyl 
sulfide undergoes metalation of the methyl group, whereas an.sole gives 
ring metalation. 

C«HtSCHj + C«H*Li —* C 4 H,o + C«H k SCH 5 Li 

The pyrolysis of mcrcaptol* >"* Is reported to give vinyl sulfides and 
polymers; the latter are said to lx* formed from aliened. 


(CH»)*C(SR)t -^> RSI I + CH*-C-SR 

CHi 


Mcrcaptol , 

RSII + CHj—C—CH a -> Polymers 


Mercaptols react with aleohoLs at low temperatures under the influence 
of acids, giving acetals and mercuptans. 

R,C(.SC,H*), + 2CII»OH R 2 C(OCH 3)j + 2C,H>SH 

m Mabery and Smith, Am. Chon. J., IS. -'S£ (1891,; McKittrick. /,J. Kn t . Chon.. 

' '*• Ipatieff and Friedman. J. Am. Chon. .W.. 61. 084 (1939). 

,M v. Braun and F.n R cbcrtx. D*r.. 66. 1673 (1923,. 

«• Rogers and Dougherty. J. Am. Chon. .W.. 60. 149 (19-8). 

' ** (a>* ^porxynfki. V Arch^Che^Fiion^ 3.^59*(1930, l<‘. .4.. 32. 8369 (1938,]; (6, Mochel 
U. S. pat. 2.229,006 [C. A.. 36. 2905 <19IH|. 
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Whereas the sulfide link is quite stable in the simple sulfides, sul¬ 
fides with a labilizing group in the 0 -position are readily cleaved in the 
presence of alkali. An example of this has been noted (p. 850) in the re¬ 
generation of benzalacetophenone from its addition product with thio- 
cresol; other examples are found in the cleavage of mercaptols derived 
from 0 -keto esters. 

NaOH 

CH 3 C(SC 2 H 6 ) 2 CH 2 COOC 2 H 6 -> 

SC^H* 

CH 3 C=CHCOONa + C 2 HftSNa + C*H*OH 

The reactions of certain sulfides indicate that sulfur may expand its 
valence shell (p. 881) and in this way cause activation of the methylene 
group. 

Mustard Gas and Related Compounds 

0 , 0 '-Dichloroethyl sulfide (“mustard gas”) is a strong vesicant. 
Individuals differ considerably in sensitivity, but approximately 0.5 mg. 
of mustard gas per square centimeter of skin produces blisters.'‘® Ani¬ 
mals are killed 129 after eight hours’ exposure to air containing less than 
0.01 mg. of mustard gas per liter, although death may be delayed for 
several days. “Sesqui-mustard” (CICH 2 CH 2 SCH 2 CH 2 SCH 2 CH 2 CI) is 
a stronger vesicant 150 than mustard gas. 0 , 0 '-Dibromoethyl sulfide 131 
is similar in action but has a lower vapor pressure than mustard gas and 
is less dangerous to handle. Branching of the carbon chain 132 and in¬ 
creasing the molecular weight diminish the vesicant activity of 0 -halo- 
sulfidcs; (CH 3 CHC 1 CH 2 ) 2 S is much less toxic than mustard gas, and 
(CH 3 CHCICH (CH 3 ) ) 2 S is practically inactive. 0 -Monochloroalkyl sul¬ 
fides 133 and <*,a'-dichloroalkyl sulfides 134 are relatively weak vesicants. 
0 , 0 '-Dichlorovinyl sulfide 135 (C1CH=CH) 2 S has a nauseating odor but 
is not a strong vesicant. The vesicant action of mustard gas and related 
compounds is destroyed 136 by oxidation or chlorination. 

,ss Posner. Dcr., 32. 2802. 2805 (1S99); Dcr.. 34. 2043 (1901). 

>” Marshall and Lynch, J. Pharmacol., 12 . 291 (191S); Marshall. J. Am. Med. Assoc., 
73. 0S4 (1919). 

»*> Bennett and Whincop. J. Chcm. Soc., 119. I860 (1921); Rosen and Reid, J. Am. 
C/iem. Soc., 44. G34 (1922). 

1,1 Steinkopf, Herold. and Stohr, Dcr., 63. 1007 (1920). 

»** Pope and Smith, J. Chcm. Soc., 119. 390 (1921). 

135 Demuth and Meyer, Ann., 240, 305 (18S4). 

134 Mann and Pope. J. Chcm. Soc., 123. 1172 (1923); Ruigh and Erickson, J. Am. Chcm. 
Soc.. 61. 915 (1939). 

131 Mailer and Metzger, J. prakt. Chcm.. (2) 114. 123 (1926). 

,3 ‘ Desgrez. Guillemard, and Labat. Chemic und Industrie, 6, 942 (1921); Spies, Gaze 
chim. ital., 49. II. 299 (1919); Helfrich and Reid. J. Am. Chcm. Soc., 42. 1208 (1920). 
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The preparation of mustard gas by the reaction of ethylene with 
sulfur chloride has already been mentioned (p. 855). During the war of 
1914-1918 it was prepared in Germany m by passing hydrogen chloride 
into a solution of /3,/3'-dihydroxyethyl sulfide in hydrochloric acid. 

(HOCH 2 CH 2 ) 2 S + 2HC1 — (CICH 2 CH 2 ) 2 S + 2H 2 0 


IV. DISULFIDES 


General Characteristics 

The disulfides have higher boiling points than the correspond¬ 
ing mercaptans, and their odors, though disagreeable, are not so ob¬ 
jectionable as those of the sulfhydryl compounds. Allyl propyl di¬ 
sulfide is present in onions ■“ and occurs, along with dialiyl disul¬ 
fide and allyl sulfide, in oil of garlic. 1 " 1-Propenyl scc.-butyl disulfide 
(CHjCHjCH—S—S—CH=CHCH 3 ) has been isolated from oil of 

I 

CH 

asafetida. 15 ’ Disulfides may produce symptoms similar to those observed 
in ivy poisoning; the response of individuals varies greatly, but this effect 
is usually noted after the skin has been repeatedly in direct contact with 
disulfides. 

Preparation 

Oxidation of Mercaptans and Thiophenols. The ease of oxidation of 
sulfhydryl compounds has been discussed elsewhere (p. 851). For the 
preparation of disulfides it is necessary to select an oxidizing agent which 
will not oxidize disulfides. Convenient laboratory methods are the re¬ 
action of a sulfhydryl compound in aqueous alkali with iodine and 
reaction of a lead mercaptidc with iodine." 1 " 

2RSNa + It —* USSR + 2NaI 
(RS)aPb + Ij — RSSR + Pblj 


Ferric chloride, 1 * 1 lead peroxide," 1 hydrogen peroxide, 1 * 5 and copper sul¬ 
fate "* also appear to be well suited for use in preparative work. 


»« Carr, J. Sue. Chem. InJ.. 38R. 408 (1919). 

Sommlcr, Arch. Pharm.. 230. 434 (1892). 

**• Mnnnich and Frcacniuii. ibid., 274. 401 (1930). 
fimylhc. J. CKcm. Soc.. 95. 349 (1909). 

141 Zinckc and Frohncbcric. Her., 43. 840 (1910). , tnnm 

»« Purnmcrcr, Per.. 43. 1401 (1010); Zinckc and trohiubcnt. Dcr.. 42. .7-1 (1909). 
»«* Hitter and Sharpe. J. Am. Chem. S 69. 2351 (1937). 

144 Klanon. Per.. 20. 3407 (1887); Loven. J. i«akt. Chem.. 12) 29. 300 (1804). 
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Reaction of Alkylating Agents with Sodium Thiosulfate. Sodium 
alkyl thiosulfates, obtained by the reaction of alkyl halides with sodium 
thiosulfate, are converted to disulfides by heating. 145 

2RX + 2NasSsO« —> 2RSS0 3 Na A RSSR + S0 2 + Na 2 S0 4 

Reaction of Alkylating Agents with Sodium Disulfide. Disulfides 
arc obtained by the reaction 146 of alkyl halides or sodium alkyl sulfates 
with a solution of sodium sulfide in which an equivalent amount of free 
sulfur has been dissolved. When this reagent is treated with acyl 
chlorides, acyl disulfides 147 arc formed. 

2RX + NasSs RSSR + 2NaX 

O O 

II II 

2RCOC1 + Ka*S* — RC—S—S—CR + 2NaCl 

Sodium disulfide solution appears to be an equilibrium mixture contain¬ 
ing, in addition to disulfide, sodium sulfide and sodium polysulfides. As 
a consequence, alkyl sulfides and polysulfides are by-products from the 
preparation of alkyl disulfides by this method. 

Other Methods. The action of ammonium hydrosulfide on ketones 
(p. 926) has been reported 148 to reduce the carbonyl group with forma¬ 
tion of the corresponding disulfide; the reaction has not been extensively 
studied. 

C.IUCOCH, C.H.CH—8—S—CHC«H» 

I I 

CH, CHj 

As mentioned elsewhere, thermal decomposition of mercuric mercap- 
tides (p. R17), the action of sodium sulfide on diazonium salts (p. 856), 
and some reactions of sulfenyl (pp. 921-923) and sulfonyl (p. 907) 
chlorides result in the formation of disulfides. 

Reactions 

With Halogens. Diaryl disulfides an* converted to sulfenyl halides 
by the action of chlorine 149 or bromine 150 in anhydrous media. 

ArSSAr + Cl* —+ 2ArSCl 

146 Otto and Trmwr, /*• r.. 26. 996 (1S93>; Price and Twiss, J. Chcm. Soc. 96. 1489 
(1909); Stutz and Slimier. J. Am. Chun. S«.. 65. 1242 (1933). 

148 Zcise, Ann., 11. 1 (1834); Blnnksma. K-e. trar. chin,.. 20 . 121 (1901). 

147 Bins and Marx. B,r.. 40. 3S55 (1907); Bcrgmanii. Bcr., 53. 979 (1920). 

148 Baumann ami Fromm. B> r., 28. 907 (IS95). 

149 Warren and Smiles. J. Chcm. S,*.. 1040 (1932). 

« M Rhcinboldt and Not*leu*. Bcr.. 72. 657 (1939). 
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Aliphatic sulfenyl halides have not been obtained by this method (p. 
920), apparently because halogenation of the aliphatic groups occurs 
more readily than cleavage of the disulfide Unk. In the presence of 
water both aryl and alkyl disulfides are oxidized by chlorine and bro¬ 
mine to sulfonyl halides (p. 889). Some disulfides form tetrahalides 
which may be hydrolyzed (p. 907) to thiosulfonic esters. 

With Strong Alkali. While disulfides arc stable toward dilute alkali, 
they may be split by strong potassium hydroxide. The initial products 
are probably mercaptides and sulfenic acids, but the products isolated '*• 
are mercaptides and sulfinates (c/. p. 921). 

2RSSR + 2KOH — 2RSK + 2RSOH RSK + RSO-K + 2H-0 

Other Reactions. The reductive cleavage of disulfides, which has 
been discussed (p. 843), is one of their most important reactions. Disul¬ 
fides may be used for the dehydrogenation of tetralin and other hydro- 
aromatic compounds. 14 * 

CioHis + 2RSSR —> C,oH # + 4RSII 

70% 73% 


Oxidation (p. 907), reaction with sulfur (p. 865), and formation of sulfo- 
nium salts with alkyl halides (p. 867) are other reactions winch are dis¬ 
cussed elsewhere. Drastic pyrolysis »» of diphenyl disulf.de causes dis¬ 
proportionation. 

2C,H l SSC.H. C.HtSC.H. + C.H.—S—S S-C.H. 


The case of reduction of disulfides and the ease of their formation 
from sulfhydryl compounds find an important example in nature ... the 
reversible oxidation-reduction system (like quinonc-hydroqumone) cys- 
tino-cysteine (p. 1131). 


1,1 Schobcrl cf al., /Inn., 507. 
24. 301 (1035). 


1 (1933); Ber., 67. 1545 (1934); Nalurwittcntchajten, 


- Schil^an.. Otto. .037 t.S7»,: Pauly and Otto B.r.. .L 2070. 207:1 t««s,; 

Otto and lie.. 20. ISO ,1SS7.; Price and T.U., J. Ch.m. Soc.. 97 »‘S <1910 

I'romm and Fonder. Ann.. 394. 338 ( 1912 ) ; l uonmoa and Lav.ua, J. Bwl. Chen.. 113. 571 


583 (1030). 


u * Hinabcrg, Her.. 43. 1874 (1010). 
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V. POLYSULFIDES 


General Characteristics 


The trisulfidcs (RS 3 R), tetrasulfides (RS 4 R), and pentasulfides 
(RS 5 R) have no analogs among oxygen compounds.* Their reactions 
can be explained by assuming that they are not individual compounds 
but equilibrium mixtures of disulfides and polysulfides, an assumption 
which may seem justified by their ease of interconversion. However, 
parachor IM and viscosity 165 measurements indicate that trisulfides, 
tetrasulfides, and pentasulfides are definite compounds and that their 
structures all contain three sulfur atoms in a Unear arrangement. 


R—S—S—S—R 

Triaulfidea 


s 

T 

R—S—S—S—R 
1 
S 


s 

T 

R—S—S—S—R 

Tetrasulfides 


or 

R—S—S—S—R 

Pentasulfides 


The polysulfides have not been so completely studied as the other 
types of sulfur compounds previously discussed. Dimethyl tetrasul- 
fidc is said to have a highly repulsive odor. 


Preparation 

From Sulfhydryl Compounds. The reaction of sulfur chloride (S 2 C1 2 ) 
with mercaptans or thiophenols is generally used for the preparation of 
tetrasulfides 157 If the reaction is carried out in the presence of free 
sulfur in carbon disulfide solution a pentasulfide is obtained. 


2 USII + S 2 C 1 2 - 


-> RS*R 


s 


in CSj 


+ RS*R 


* Tho fact that sulfur has o greater tendency to combino with itself than does oxygon 
is shown by a comparison of tho free elements. Whereas oxygen exists as O*. or in a 
metastnblc form as Oj, sulfur in solution or in the vapor state is S*. 

164 Baroni. Alii aecod. Lined. 14. 28 (1931) (C. A., 26. 1S96 (1932)]. 

164 Bezzi. Ga::. ehim. Hal., 66. 693 (1935); ibid., 66. 704 (1935). 

144 Claesson. J. prakl. Chem., [2] 15. 214 (1S77); Ber . 20. 3413 (18S7). 

147 (a) Smytho and Forster, J. Chem. Soc., 97. 1195 (1910); (6) Trogcr and Homung, 
J. prakt. Chem., [2] 60. 113 (1899); (c) Chakravarti. J. Chem. Soc., 123, 964 (1923); (d) 
Twiss, J. Am. Chem. Soc., 49. 491 (1927). 

lu Levi and Baroni, AUi accod. Lined, [6] 9. 772 (1929) (C. A., 23, 4927 (1929)]. 
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Thionyl chloride ls » and sulfuryl chloride “» give several products, 
including disulfides and trisulfides, when they are aUowed to react with 
sulfhydryl compounds. Tetrasulfides are also produced m reactions in 
which sulfuryl chloride is used. The reaction 161 of thionyl aniline with 
p-thiocresol gives p-tolyltrisulfide and aniline. 

From Organic Sulfides, Disulfides, and Polysulfides. Organic sul¬ 
fides do not react readily with elementary sulfur. For example, ethyl 
sulfide is unchanged '« after heating with sulfur for four days at 150 . 
Under more drastic conditions the disulfide and polysulfides are formed. 


(CiHi)iS + S C,H3SC : H. + C,HiS.CiH» + C,H3.C:H. + C:H*S.C:H. 


The disulfides,■“ in contrast to the sulfides, react readily with sulfur or 
metal polysulfides and may be converted to tnsulfidcs, tetrasulfides, 
or pentasulfides.'" Under similar conditions tnsulfidcs and tetra¬ 
sulfides may be converted to pentasulfides. The reaction appears to be 
catalyzed by ammonia. 169 


RS,R 4- S 


Nil* 


RSjR — RS.R RSfcR 


Tnsulfidcs may be obtained from tetrasulfides and pentasulfides 
by reversing the above reaction by distillation. 


1«7 


CHaS.CII* 


DiMil 


> S + CH a SjCHj 


CHaS*CH, 


DUtil 


. 2S + CHjSjCHi 


From Sodium Polysulfides. Alkyl sulfates '" or alkyl halides give 
alkyl polysulfides when allowed to react with sodium or potassium poly¬ 
sulfides. Since the latter are mixtures, the organic products dented 
from them arc also mixtures, but it has been reported that pentasulfides 
may be obtained by this method. 1 * 7, ,M 


2RX + NaaSfc -* 2NaX + RS*R 


“• Holmbcrg. Ann.. 359. 81 (1008). 

Tanker ond Jones. J. Chtm. Hoc.. 95. 1910 (1909). 

>•» Holm berg. Dcr.. 43. 220 (1910). 

103 (1877,; ML ~ 12125. 80 (1876). 

'•« MOller. J. prakt. Chtm., [2\ 4 . 39 (18/ D- 

*. - <.«-» A.. «. 6168 t.,30,,. 

c- -. «*• »* ««»**“■■*“• 22 “- 2890 “««• 


866 


ORGANIC CHEMISTRY 


“Thiokols" are polymeric linear polysulfides prepared by the reaction 
of dihalides with sodium tetrasulfide. “Thiokol A,” for example, is 
polyethylene tetrasulfide obtained from ethylene chloride and sodium 
tetrasulfide in the presence of magnesium hydroxide. 

ClCHjCH-CI + NaiS< —CH.CHjS.fCHjCHjS.J.CHuCHiS,— 

•Thiokol A" 

The product is obtained in the form of microscopic spherical particles 
which can be washed by decantation and which will remain for some 
time as a suspension similar to latex. Coalescence, brought about by 
acidification, gives a rubbery mass which can be milled, compounded, 
vulcanized using an accelerator, and in general treated like rubber. 
The properties of the product may be varied by replacing all or part of 
the ethylene chloride by /3,/3'-dichlorodiethyl ether and by decreasing the 
sulfur content by treating the polymer with sodium sulfide. Though 
the thiokols resemble natural rubber in appearance and behavior, they 
do not swell or soften in the presence of hydrocarbon solvents 169 and 
therefore are used in place of natural rubber when resistance to gasoline 
or other organic compounds is important. 

Other Methods. The reaction 170 of sulfur chloride (S 2 C1 2 ) with 
phonylmagnesium bromide gives phenyl sulfide, phenyl disulfide, phenyl 
trisulfide, phenyl tetrasulfide, chlorobenzene, and diphenyl. Sulfur 
dioxide and hydrogen chloride produce ,&7a benzyl disulfide and benzyl 
b isulfide from benzyl mercaptan. Pyrolysis of a disulfide (p. 863) gives 
a sulfide and a trisulfide. 

Reactions 

The addition and loss of sulfur, described above, are the most char¬ 
acteristic reactions of polysulfides. Oxidizing agents 164 • 171 produce 
sulfonic and sulfuric acids from polysulfides. The action of mercury on 
a trisulfide removes one of the sulfur atoms, producing a disulfide. 164 

,M I’atrii-k. Tran*. Faraday Sac., 32. 347 (193G>. 

170 Ferrari*, and Vinay. Hull. roc. ehim., 7. 518 (1910*. 

m Smyth©. J. Chem. Soc., 105. 510 (1914). 
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VI. SULFONIUM COMPOUNDS 
General Characteristics 

The sulfonium compounds * resemble quaternary ammonium com¬ 
pounds in many respects. The tetrahedral configuration of the sulfur 
atom, with an unshared electron pair at one point of the tetrahedron, 
shown by the resolution of unsymmctrical sulfonium salts (p. 41J). me 
salts are crystalline solids which dissolve in water giving neutral solu- 
tions. The sulfonium hydroxides are strong bases. 


Preparation 

From Sulfides. The reaction of alkyl sulfides with alkyl hahdes 
occurs slowly at room temperature but more roaddy upon heaU,,^ 
The reaction is of the second order.”* Treatment o the tnrtytadfo- 
niura halide with moist silver oxide or with silver nitrate produces the 
sulfonium hydroxide or nitrate. 

Nloat , R,S + OH" + AgX 
R I* a«<* - 

R _S_ U +UX - I X- R>s+N0> . + AgX 


Alkyl sulfates, but not alkyl halides,"* react with alkyl aryl sulfides or 
with diaryl sulfides to give sulfonium sails. » ■ 

From Disulfides. The reaction of alkyl hal.des w.jh ; 

extremely slow without a catalystbut occurs readily ' 1 1 * - 

good yields of sulfonium salts in the presence of sin 1 ca a>? 
curie iodide or ferric chloride. 


RSSR + 4RI 


2R*S + I"HgIt + Is 


It has been postulated that the initial reaction is the addition of alkyl 
halide to the disulfide and that the final product is the result of a sene, 
of reactions shown below. 


• These are known as “sulfmos" ("SulfinvcrlMndungcn") in 


tho older literature. 1 ml 


’ * nese aro Known as suninua \ -- - . a .. .k.n la nimiioniUin 

this name is misleading since it suggests a rvscmblnncc to ninnies ru i 
compounds. , r 

l,f v. Oefcle, Ann.. 132. 82 (1804) ; Cnhours. Ann.. 136. 365 

1,1 Garrara, (laiz. chim. ilal., 24. >. 170 (1H94). MOOTi): <6» 

■« (a) KohrinDim .nd DutU-nMCcr. II... 38. «1U7 <1905, ; »rr.. 39. ......3 »•»>" 

Kohrmann and Hava, Ber., 46. 2896 (1012). 91 1304 (1007». 

,n Davies. Her.. 24. 2648b (1801) : Hilditrh and Mnilca. hem. . ^ 

"•<«) Steinkopf and Mailer. Her.. 66. 1020 (1023); (M Haas and lW»crt>. 

Chem. Hoc.. 62. 1004 (1040). 
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R—S—S—R + R'l + Hgl* 

[ R—S—S—Rl + 

I j l-H* 

RSI + R'l 
RSR' + Hglj 


fR—S—SR~| + 

[ t r** 
R '\ 

RSI + ^>S—»HgIj 

RSR' + la 
R\ 


^ y>S—>HgIa 


R' 

R 


^>-HgI 


a + R'l 


R' 

I 

R—S 

I 

R' 


I-Hgla 


Other Methods. Trialkylsulfonium salts have been prepared by the 
reaction of an excess of a\ky\ halide with sulfur 177 or metallic sul¬ 
fides 178 • 170 such as sodium sulfide, cadmium sulfide, or arsenic trisulfide. 
Aryldialkylsulfonium salts arc formed 174 from the reaction of lead mer- 
captides of thiophenols with alkyl sulfates. Triarylsulfonium salts may 
be obtained 180 from phenols or their ethers by the action of (1) thionyl 
chloride in the presence of aluminum chloride, (2) an aromatic sulf¬ 
oxide, or (3) a sulfmic acid in the presence of concentrated sulfuric acid. 
Trimethylsulfonium iodide is formed from the reaction of trithioformal- 
dehyde with methyl iodide in a sealed tube (p. 928). 


Reactions of Sulfonium Salts 

Pyrolysis. Since the reaction of an alkyl halide with an alkyl sulfide 
is reversible, 181 distillation 179 of a sulfonium salt gives the halide and 
sulfide. 

RjS+I- -i^> RSR + RJ 

1 he reaction occurs readily; this may account for the ease of conversion 
of unsymmetrical sulfonium salts to mixtures containing the symmetrical 
salts. 182 For example, trimethylsulfonium iodide and triethylsulfonium 
iodide are among the products formed by heating 179 methyldiethylsul- 

1.7 Klinger, Bcr., 10. 1880 (1SS7); Masson and Kirkland, J. Chcm. Soc., 65, 135 (18S9). 

1.8 Klinger, Bcr.. 15. SSI (1882). 

m Klinger and Muassen, Ann., 262, 250 (1SS9). 

180 Smiles and LcRossignol. Proc. Chcm. Soc.. 24, 15S (1900); J. Chcm. Soc., 89. 096 
(1900). 

181 Ray and Levine, J. Org. Chcm.. 2. 207 (1937). 

,BJ Meadow and Reid, J. Am. Chcm. Soc., 66. 2177 (1934). 
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fonium iodide in aqueous solution. Alkyl interchange has also been 
brought about 179 by heating a sulfomum salt with a eohol, at L50 
triethylsulfonium iodide in methanol gives tnmethyUulfonmm lochde. 
Heating sulfonium salts with an excess of sodium sulfide produces dial¬ 
kyl sulfides; 183 this may be due to the disproportionation of the sulfo¬ 
nium sulfides. 

2(CH 3 )jS + I" - N>: ~> ((CH 3 ) 3 S + )jS“ —* 3(CH 3 ) 2 S 

Formation of Addition Compounds. Sulfonium halides form addi- 
tion products with salts of the heavy metaU such as the halides of 
copper, mercury, zinc, cadmium, manganese, iron ,,n ' “ n . d . p “ ' 

These same products are obtained by the reaction of an alkyl hal.de with 
salts formed from sulfides. 1,66, ,M 

HjS+l - RjS+Hglr R,S—*HgI, 

Sulfonium compounds are often isolated from -ac,ionmL,.ures as 
their addition products with heavy metal salts. Sulfonium salts gi 
crystalline addition products with iodoform. 

Reactions of Sulfonium Hydroxides 

Pvrolysis The sulfoniun. hydroxides "»• •“ may be isolated from 
aqueous solutions by evaporation under reduced pressure; they readily 
decompose, forming an olefin and a sulfide. 


C*H| 1 + 
S—C*H». 


OH- ^ CsHiSCrfU + CH 2 -=CH 2 + H a O 


r CiH, 

L CaH»—S 

This reaction is similar to that obtained by decomposition of quaternary 

am Basic Re actions. The sulfonium hydroxides dissolve in water U> give 
solutions which arc as basic » as aqueous sodium or p°tQN» «»mlhox 
ide. Salts are formed by reaction with acids; hydrogen sulfide, for ex 
ample, produces *»• sulfonium sulfides. 

2R,S+OH - + H>$ - (WW + 211,0 

“■Patoin. Bull. .oc. Mm.. 13)2. .„ i6 (1S S7): .(..</■■ 17. 20 (1898): Strom- 

1 -'> 66 423 — 

Ileoahaw .nd Scurte. J. Am. Chrm. '“1 (1933). 

: «. - ««*■ 

Soc.. 236 (1935). 

u * Cahourn, Ann.. 136. 151 (1805). 
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Sulfonium hydroxides 188 liberate ammonia from ammonium salts, form 
carbonates by reaction with carbon dioxide of the air, and react with 
metallic aluminum with the liberation of hydrogen. 

VII. SULFOXIDES 
General Characteristics 

The sulfoxides * are odorless, relatively unstable compounds which 
decompose upon distillation at atmospheric pressure. Diaryl sulfoxides 
and dialkyl sulfoxides of fairly high molecular weight are solids. The 
dialkyl sulfoxides of low molecular weight are low-melting solids (e.g., 

T ^ 

C 2 H 5 SC 2 Il 5 , m.p. 4-C°); they are soluble in water, alcohol, and ether. 

The resolution of unsymmetrieal sulfoxides (p. 421) shows the tetra¬ 
hedral structure of the sulfur atom in these compounds. 

The following discussion will be limited to those compounds in which 
O 

r 

the —S— group is attached to two carbons. The so-called disulfoxides 
O O O 

, T T I 

^ S R or R—S—S—R) will be considered later. 

1 

O 


Preparation 

By the Oxidation of Sulfides. The oldest and most common method 
for the preparation of sulfoxides is the oxidation of sulfides. 190 


It—S—R 4- O 


O 

T 

It—S—It 


Probably the best general procedure ,9 ‘ is the addition of the theoretical 
amount ol 80 per cent hydrogen peroxide to a solution of the sulfide in 

o 

* '*■ »•“< *»“ H-S— croup i, known ns a aulfinyl group. For exam- 

''Wsulfinyietbane [Pattcraon. J. Am. Chen. Snc.. 56. 
i ' „ bc «"*''“cd "■<»> >*'•• convention in the older literature by 

wlm-h the sulfonium compound, are known as sulfmes (Sulfinverbindungeo) (p. 807 ). 
baytzeff, Ann., 139. 354 (1806); Ann.. 144. 143 (1S67). 

U9l”o). <a ’ G “' d “ r SmilM ' J ' Chtm ' ‘ SOC " 93 ' 1834 <I90S ' : ,W Hin “ ber *- B "- «• 2*8 
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glacial acetic acid or acetone; the reaction mixture is then allowed to 
stand at room temperature for one to six days. Other oxidizing agen , 
such as nitric acid,- chromic acid - hot aqueous potassium Permanga¬ 
nate with acetic acid as a solvent for the sulfide,-' '** and perbcnzoic 

acid, 195 may be used. .... •, , 

By Hydrolysis of Dihalides of Sulfides. Many dichlondes and di- 

bromides”of sulfides (p. 8.58) react with water>« pve sulToxide. 
The hydrolysis may be carried out more readily with dilute alkali or, in 
the case of sulfide diiodides, with silver acetate. 




Br, 


BOH 


> 


O + 2HBr 


By the Friedel-Crafts Reaction. Diaryl 


sulfoxides may be ob- 
tained «« by the reaction of aromatic hydrocarbons with thionyl chloride 
in the presence of aluminum chloride. 


O 

T 

2ArH + Cl—S—Cl 


AlClj 


O 

ArSAr + 2HC1 


It is reported »- that sulfur dioxide may be used in place of thionyl 

^From the Grignard Reagent. Sulfoxides are among the products 
obtained by the faction of the Grignard reagent with thionyl chlo- 
ride, 199 • 199 alkyl sulfites,* 99 or sulfonyl chlorides. 


2RMgX + Cl—S—Cl 
O 


U—S—R + MgXs + MgCl* 

1 

O 


« Beckmann. 7. prak,. C»r«, l-l 44. <I«W i G,a.m-ky. 4nn„ 176. 348 ,1878,. 

Knoll, J. prakl. t'hem.. 113. 40 
1,4 Otto, Uer., 13. 1272 (1**0>- 
«• Lowin. J. irraki. Chrm.. 119. 211 

•’MVornm «*>«’»•<' J05 ( 1887) : <M Parker. Bcr.. 23. 1844 (1890. 

<«, Sm, «. *'"■ '• «'“• 

(1910): Bert. 178. .8*0 ,«*4). 

- •« ««»• 
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Reactions 


With Acids. The sulfoxides are slightly basic.* 01 They are more 
soluble in aqueous acid than in water, and treatment with hydrochloric 
or nitric acids may give isolable salts. For example, when nitric acid 
is used for the oxidation of a sulfide to a sulfoxide, the product is the 
nitrate of the sulfoxide. Treatment of these salts with alkali, or in some 
cases with water, produces the sulfoxides. 



+ HNOi—► 


>° 


HNOa 


The structure of these salts is not definitely established. The proton 
from the acid might become attached to the unshared pair of the sulfur 
or of the oxygen; the products could therefore have either structure A 
or B or could be a mixture of these two tautomers. 


R 

• • • • 

+ 

' R 

H:S:0: 

• • • • 

no 3 - 

:S:6:H 
• • • • 

R 


R 


A B 


N0 3 “ 


With hydrogen bromide or hydrogen iodide the sulfoxides give 
products ,w * 202 identical with those obtained by the addition of 
halogens to alkyl sulfides (p. 858). 

R 2 S—O + 2HBr -* R 2 S Br a + H a O 

With alcoholic hydrogen chloride 203 at 100° in a sealed tube, sulf¬ 
oxides may be reduced to the sulfide or may undergo fission. 


O 

T 

RSR 


O 

T 

CsHuSCsHn 


Alcoholic HC1 

—.Ob- " > RSR 


Alcoholic IICI 
—^- > 


o 

C&HnSH + C 4 H 8 CH 


With Reducing Agents. Sulfoxides are readily converted to sulfides 
by reduction. Zinc and acetic acid 190 • 192 • 2036 are probably the most 
satisfactory reagents for this reaction, but hydriodic acid, 192 phosphorus 

101 Finzi, Gasz. chim. Hal.. 46. II. 1SG (191G). 

(a) Fromm ct a/.. Ann., 396. 75 (1913): </») Hofmann and Ott. Bcr., 40. 4930 (1907). 
,os (a) Smythc. J. ( hem. Soc.. 95. 349 (1909); (6) Gnzdar and Smiles, ibid., 97. 2250 
(1910); (e> Hilditch. Her., 44. 35S3 (1911). 
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pentachloride,-" and hydrogen chloride-"* (see preceding paragraph) 
may also produce sulfides. 



RSR + H*0 


With Aqueous Chlorine. Chlorination of sulfoxides in the presence 
of water causes cleavage "• of the sulfur-carbon link, giving sulfonyl 
chlorides and alkyl chlorides. 


O 

C 4 H 9 —S—C 4 H 9 + 20* + H*0 C 4 H,S0*C1 + C 4 H 9 CI + 2IIC1 

Other Reactions. Oxidation of sulfoxides occurs readily, giving sul- 
fones (p. 874). Sulfoxides form addition products with ferric chloride.- - 
Diphenyl sulfoxide is dehydrated by sodamide, giving dibenzotlno- 
phene. 1 * 7 ' 


O 



It ia of much theoretical interest to know whether the sulfoxide 

structure (-S-) may influence the reactivity of adjacent substituents 
in the same way as common unsuturated groups influence the reactivity 
The full explanation of this question will be given m the discussion of 
sulfoncs and the results of the study of sulfoxides will be summarized 
at that point. 

VIII. SULFONES 
General Characteristics 

Monosulfoncs which contain no other functional group arc colorless, 
odorless, neutral compounds and are usually solids at room temperature 
(e.g., dimethyl sulfonc, m.p. 109°). They are extremely stable both 
toward chemical reagents and toward pyrolysis; for example, di-p-tolyl 
sulfone (m.p. 158°) boils at 405° without decomposition. The sulfoncs 
of low molecular weight are quite soluble in water. 
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Preparation 

By Oxidation of Sulfides and Sulfoxides. Since the sulfides are 
readily available and the methods for their oxidation are excellent, they 
are probably the most general source of sulfones . 204 Sulfoxides are also 
readily oxidized but, since they are also made from sulfides, are seldom 
used as starting materials in sulfone syntheses. 

Hydrogen peroxide 19,6 • 205 (30 per cent aqueous solution) is a very 
satisfactory reagent for the oxidation of sulfides and sulfoxides to sulf¬ 
ones. Acetone or acetic acid are usually employed as solvents, and in 
some cases 2056 better yields have been obtained by using a solvent mix¬ 
ture of acetic acid and acetic anhydride. Oxidation is often exothermic 
and the reaction mixture may require cooling at first; it may then be 
allowed to stand at room temperature until oxidation is complete. 



Potassium permanganate 1,1 206 and chromic acid 207 are also satisfactory 
reagents for the oxidation of sulfides to sulfones, and some oxidations 
have been carried out using perbenzoic acid. 208 

By the Action of Alkylating Agents on Salts of Sulfinic Acids. The 
salts of both aliphatic and aromatic sulfinic acids react with alkylating 
agents to give sulfones. 20 * 

O 

T 

RSO*Na + RX — R—S—R + NaX 

l 

O 

The reaction is limited to alkyl halides, sulfates, etc., and to activated 
l0 ‘ v. Ocfele, Ann., 132. 8G (1804). 

* uS (a) I*u in merer, Bcr., 43. 1407 (1910); (6) PomcranU and Connor, J. Am. Chem. Soc. 
61. 3386 (1939). 

206 Bost, Turner, and Norton, J. Am. Chom. Soc.. 64. 198G (1932). 

707 Shriner, Struck, and Jorison, ibid., 62. 2060 (1930). 

203 Lcwin. J. /rrakl. Chem., 118, 282 (1928). 

109 Otto, Bt., 13. 1272 (1880). 
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aromatic halides, such as o- and p-nitrochlorobenzene. Though the re¬ 
action is usually satisfactory it should be pointed out that the sulfinates 
are generally not so reactive in metathesis as are the mercaptides; oc¬ 
casionally the sidfinatcs are unrcactivc with halides which will react 
with mercaptides. Tertiary halides apparently 72 do not give sulfones 
by this method. 

Compounds such as ethyl a-chloroacetoacetate, ethyl chloromalo- 
nate, diacetylchloromethane, and dibromobarbituric acid which contain 
“positive” halogen cause oxidation «*• 2,0 of sulfinates, as well as of mer¬ 


captides (p. 854). 


RSOjNa + 


o=c— 

I 

XCH — 

I 

O—C— 


ONa 

C— 

II 

RSO,X + CH 

I 

o—c— 


Compounds with two halogens on the same carbon atom do not give 
disulfones. M * 2,1 Since the initial product of this reaction is an a-halo- 
sulfone, failure to obtain a disulfonc is in agreement with the known be¬ 
havior of a-bromosulfoncs (p. 882). 

By the Friedel-Crafts Reaction. Diaryl sulfones are obtained by 
the reaction of sulfonyl chlorides with aromatic compounds in the 
presence of aluminum chloride. 212 


RSOiCl + Aril 


O 

R—S—Ar + HC1 

1 

O 


By Reactions of Olefins with Sulfur Dioxide. The reaction of mono- 
olefins with sulfur dioxide gives linear polysulfones, which are described 
in detail elsewhere (p. 705). 



+ SO, 


I I 


I I 

■ (C-C-SO,) n“ 

I I 


I I 

C—C-SOr 

I I 


1,0 Otto and ROsaing, Her.. 23. 750 (1*90); Kohler und MacDonald. Am. Chem. J.. 22. 
227 (1890). 

*" Michael and Palmer. Am. them. J.. 6. 253 (1884); Otto and Kngelliurdt. r.. 19. 
1835 (1880) ; OlV». Her.. 21. 058 (1880). 

*** BockurU und Olio. Her.. 11. 2000 (1878); Olivier. H.c. trap. elum.. 33. 211 ' » • 

Chem. Weekbtad. 11. 372 (1914) |C. A.. 10. 190 (I9IC)|; Kueiyn^ki. Kur*yn.«ki. and 
Sucharda. Roczniki Chem.. 18. 026 (1938) [C. A.. 34. 3240 (1910)1. 


876 


ORGANIC CHEMISTRY 


With conjugated diolefins * u 1,4-addition occurs with the formation of 
cyclic monomeric sulfones. The addition product from isoprene gives 
an equilibrium mixture of unsaturated sulfones on treatment with 


alkali. 

CH 3 —C-CH 

II II + SOa 
CH a CH, 


CH 3 —C= 


CH, 

x 


CH NaOH 

I * 

CH, 



The monomeric sulfone from butadiene gives the diene upon heating; 
this has been applied to the purification of butadiene. 214 


CH=CH n 

I | -> SO, + CH,=CH—CH=CHa 

CH, CH, 

\ / 

SO, 


Other Methods. The preparation of sulfones by addition of sulfinic 
acids to conjugated systems will be discussed later (p. 918). Diaryl 
sulfones have been obtained 215 by the action of phosphorus pentoxide on 
a mixture of sulfonic acid and aromatic hydrocarbon. 

O 

ArSOaH + ArH + Pa0 6 -> 2HPO, + Ar—S—Ar 

1 

O 

Sulfones are usually by-products of the sulfonation of aromatic hydro¬ 
carbons. They appear to be formed 2,8 by the action of S 2 0 6 on the 
hydrocarbon and not, in this case, by condensation of the sulfonic acid 
with the hydrocarbon. Sulfones have also been obtained by the direct 

a,J Backer and Strafing. Rcc. Irar. chim.. 53. 525 (1934); ibid.. 54. 170. CIS (1936); 
BocHckcn and van Zuydewijn. Proc. Acad. Sci. ( Amsterdam ). 40. 23 (1037) [C. A., 31. 
4953 (1937)); van Zuydewijn. Rcc. trac. chim.. 56. 1047 (1937); Alder. Rickcrt, and Windo- 
inuth. Dcr., 71. 2451 (193S). 

114 Staudinger and Ritzenthalcr. Dcr.. 68. 455 (1935); Johnson. Jobling. and Bodamor, 
J. Am. Chcm. Soc., 63. 133 (1941). 

m Michael and Adair, Dcr.. 10. 583 (1877); 11. 116 (1878). 

*'• Michael and Werner, J. Am. Chcm. Soc.. 58. 294 (1936). 
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action of sulfur trioxide 217 or chlorosulfonic acid 2,i upon aromatic 
compounds. 

Reactions of Simple Sulfones 

This section will be limited to a consideration of the reactions of 
monosulfones which contain no other functional group. The reactions 
of disulfones and of substituted sulfones may be considerably different 
from those of simple monosulfones and will be discussed in another 
section. 

With Reducing Agents. In contrast to the sulfoxides, the sulfones 
are stable toward most reducing agents. Diphenyl sulfone 1,9 is un¬ 
changed by treatment with phosphorus at 250° and can be distilled un¬ 
changed from zinc dust. Reaction of diphenyl sulfone with sodium 2,9 
in hot xylene gives biphenyl and sodium benzencsulfinate. 

O 

2 CJI 5 —S—C*H, + 2Na —* 2C*H*SOjNa + C*H fc C*H* 

l 

O 

Some sulfones arc reduced to sulfides by the action of sulfur, but the 
reaction is apparently not general. 2 ' 9, 720 

O 

C«H»—S—C«H» + S —» Cell*—S—C«H* + SO, 

i 

o 

With Alkali. The simple sulfones do not react with aqueous alkali 
under ordinary conditions but are cleaved 221 at high temperatures. 
Diaryl sulfones yield products different from those obtained from dial¬ 
kyl sulfones (p. 1830). The alkaline fusion of sulfones appears to be a 
complex reaction giving, in the ease of diphenyl sulfone, 222 biphenyl and 
phenol. 

O 

Cell*—S—Coll* + KOI! **^ - > C«H*—C«H* + K,S0 3 + C«H*OH 

1 

O 

,,T Zorn and Brunei, Compt. rend., 119. 1224 (1894). 

*“ Ullrnann and Kornelt. Her.. 40. 0-11 < 1907). 

9,9 KrafTt and Vortter. Her.. 26. 2813 <1»03). 

BOcsvken, Rrc. Irat. chim., 30. 137 (1911). 

Fenton nnd Ingold. J. Chem. Hoc., 2338 (1929). 

”* Otto. Her., 19, 2426 (188G). 
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Smooth cleavages of aryl sulfones under mild conditions are accom¬ 
plished 223 by treatment with sodamide and piperidine. Dialkyl sulfones 
are unchanged under these conditions. Diaryl sulfones or alkyl aryl 
sulfones give N-arylpiperidine and the salt of a sulfinic acid. 


C.H«—i—CeH, + NaNH, + HN(CH,)* 

4 


C«H*—J—CH* + NaNH, + HN(CH,)» 

4 

O 

C«H»CH,—^—CH,C#H* 

4 


G*HiN(CHs)» + C*H*SO,Na + NH, 


C,H,N(CH,), + CH^O.Na + NH, 


no reaction 


Other Reactions. Phosphorus pentachloride usually does not react 
with sulfones, but dinaphthyl sulfone is converted 224 at high tempera¬ 
tures to the sulfonyl chloride and chloronaphthalene. 

C 10 H 7 —SOr—C ioH 7 + PCI* -♦ CwHtSOjCI + Ci 0 H 7 C1 + PC1 3 

Highly methylated diaryl sulfones are hydrolyzed 226 to hydrocarbons by 
the action of concentrated hydrochloric acid in a sealed tube. Hot con¬ 
centrated sulfuric acid may give the sulfonic acid. 

O 

T 

Ar—S—Ar 

i 

o 


The ^action of sulfones with the Grignard reagent is discussed later 
(p. 881 ). 

Certain sulfones give novel rearrangement and sulfonyl interchange 
reactions which are illustrated below. More complete reviews of this 

subject may be found elsewhere.** Some of these reactions are rever- 
sible. 227 

111 Bradley. J. Chtm. Soc., 458 (1938). 

154 Cleve. Bull. soc. chim.. £2] 25. 256 (1876). 

” s Jacobsen. Bcr., 20. 900 (1887). 

* Ann. Reports Chcm. Soc. ( London ). 36. 197 (1939). 

• Coats and Gibson. J. Chtm. Soc., 442 (1940). 


Cone. 11 Cl 


(Sealed tube) 


H.SO, 


> 2 ArH + H2SO4 


(Hot, cone.) 


ArSOjH + ArH 
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RS0 2 CH(SR)C0CII 3 + R'SOiNa —» R'S0 2 CH(SR)COCH a + RSO*Xa 




Influence of a Sulfone Group upon Other Atoms and Groups 

In the preceding section the reactions which were considered caused 
alteration of the sulfone function. The following discussion will be de¬ 
voted to those reactions of sulfoncs which are due to the influence of 
the sulfone group upon the rest of the molecule. The reactions of simple 
sulfoncs which may be attributed to activation of hydrogen by the sul¬ 
fone group will be included, but oil other cases will involve substituted 
sulfoncs, including polysulfones. 

Influence upon Hydrogen. In considering the oxidation of a sulfide 
to a sulfoxide or a sulfone, it would seem that acquisition by a neutral 
oxygen atom of a share in two electrons from sulfur would result in 
a fractional negative charge on oxygen and a corresponding positive 
charge * on sulfur. That is, sulfur becomes the positive end of the dipole. 


R—S—R 


:U= 


o*- 

T** 

R—S—R 


: 0 : 


O** 

T** 

R—S—R 
1‘* 


Ak a result the sulfur should exert a considerable electron attraction 
and facilitate removal of a proton from an adjacent carbon. 

V 11 

]*• 

R—S—C— 

1** I 

O 

As explained elsewhere (Chapter 25). an effective group for prototropic 

• The symbol* ond 6* ore used hero, in conformity with Chapter 25. to distinguish 
fractional charges from integral ( + und - ) charges. 
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change not only must have a strong electron attraction but also must 
provide a suitable seat for the charge on the anion. The enolization 
of a carbonyl compound is an example of prototropy in a system ful¬ 
filling both these requirements. 


—C:C::0 

I I - 

a 0 y 


H + + 


[—C:C::6] «=± f—C::C:0:1 

L i i ~J L i i •• J 


Meeomcric aniona 


Ti 

::C:0:H 


Enol 

The corresponding 0- and 7 -atoms in sulfones are connected by a single 
pair of electrons, and the anions are therefore different from those pic¬ 
tured above. 


R 

a 0 y 



O ■ 

- 

o 


• • T • • 


T .. 

F2H + + 

—C:S:0: 

1 1 " 

R J 

«=* 

—C::S:0: 

1 1 - 
R 




O 

T .. 

: :S:0:H 


■ 

R 


One of the formulas of the anions has an unshared electron pair on car¬ 
bon, and the other requires that sulfur expand its valence shell to ten 
electrons.* It will be shown below that anions derived from the sulfones 
may be formed. These will be represented by noncommittal formulas 
since it appears that neither of the alternative electronic formulas is 
universally accepted. Regardless of the opinion concerning this struc¬ 
ture it must be conceded that the sulfone group is an electron-attracting 
( + 1) group f with less tendency than other such labilizing groups 

^ N0 2 , etc.) to undergo polarization f (E effect, 

p. 184<). 


62 500 Shriner ‘ Struck ' ftnd Jori5on - J ' Am - Chem - Soc - 
6 *-™ G0 tl930, • G,bson * Ch(m ■ 14 - (»934); Arndt and Mortius. Ann., 499. 223 

t In other words the sulfone group increases the aridity because it facilitates the 
Pr0t0n - ,l "° Krcat tCndcncy «o participate in enolization. The juatifi- 

U in 1 V,e 7° ,nt d, " c ^cd by Arndt and Martius (foe. cif.). A concise summary 

* * ..." ep Chem - SoC ‘ (London >• 31. 193 (1934). The terms / and E effects 

are used in the same sense as in Chapter 25. 
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From the above consideration it may be said that differences between 
the sulfone group and the other labilizing groups in their activation of 
hydrogen in the a-position will be due to the following: (1) the high 
electron attraction of the sulfone group; (2) the failure of the sulfone 
group to provide a suitable seat for the charge on the anion; (3) the ne¬ 
cessity in many cases for the sulfones to react by different reaction 
mechanisms. This third difference arises from the fact that the sulfone 
group does not contain a normal covalent double bond; therefore, re¬ 
actions involving preliminary addition to an unsaturated function would 
require, in this case, expansion of the valence shell of sulfur. Though 
this possibility cannot be rejected «• the tendency for the sulfone to 
react in this way would at least be considerably different from the tend¬ 
ency of an unsaturatcd group (e.g., carbonyl) to undergo addition. 
Therefore, a comparison of the behavior of sulfones with that of com¬ 
pounds containing unsaturated labilizing groups should reveal the 
properties due to electron attraction with complicating factors (enoli- 
zation, addition, etc.) minimized. 

Activation of hydrogen in the a-position by the sulfone group \s 
showm by the reaction of sulfones with the Grignard reagent,® 0, M ’ ~® 
liberating a hydrocarbon and forming a halomagnesium derivative of a 
sulfone. 

p-CH 3 C JI«S0 2 CH3 + RMgX — RH + (p-CH,C*H 4 SOaCHi]MgX 

The halomagnesium derivatives behave like enolates in their reactions; 
they may be acylated, alkylated, or halogenated and upon hydrolysis 
regenerate the sulfone. 

[RSOjCHjlMgX —> RSOiCHj + MgX, 


In some coses sulfones do not react with the Grignard reagent at room 
temperature; temperatures of 75-80° will bring about reaction. When 
two sulfone groups arc attached to the same carbon (methylene drni - 
fones, RS0 2 CH 2 S0 2 R) the acidity of the hydrogen is more pronounced; 
these compounds react with the Grignard reagent at room temperature 
and at high temperatures react with two moles of the reagent. 

(RSOa)iCIIa K M —> [(RSOa):CII]MgX “* X > [(RSO,)jC](MgX), 

R"H R'H 


m Sidgwick, Tho Electronic Theory °l Valency." Osford University Pro.., London 
(1920), p. 162. Recent osperiment, .-latest thut in certain sulfides the .ullur may expand 
it. valence .hell, and thus cause activation o( the incthyleno group: Rothstom, J. Chon. 

”r , . , n«. C-firnr. .She, «. 21S (.036,: ,6, Kohler and Potter, 
bid.. 67. 1316 (1036k (c) Kohler uml Lnraou. ibid.. 67. 1448 (1936). 
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The reaction of the Grignard reagent with sulfones is analogous to that 
with ketones in which steric hindrance prevents addition to the carbonyl 
group (p. 646). 

While in simple sulfones the hj'drogen is not sufficiently activated 
to form sodium salts readily, methylene disulfones react with sodium 
ethoxide 207 and in some cases 25 with dilute aqueous alkali to form sodium 
derivatives. Trisulfonylmethanes, (RS0 2 ) 3 CH, are stiU more acidic. 230 
Methylene disulfones behave like enolizable compounds in the reaction 231 
with mercuric chloride-sodium ethoxide. 

A few* cases are known in w hich sulfones undergo reactions that are 
considered typical of compounds containing hydrogen activated by 
unsaturated groups (such as carbonyl). Methyl p-tolyl sulfone re¬ 
acts ^ with benzaldehyde to give low yields of an unsaturated sulfone, 
a reaction analogous to the formation of benzalaeetophenone from aceto¬ 
phenone and benzaldehyde. Benzyl p-tolyl sulfone undergoes the 
Michael condensation,»» and the reaction 232 of a disulfone with for¬ 
maldehyde in the presence of a secondary amine is analogous to the 
Knoevenagel reaction. 

CHiC«H 4 SOsCHa + C.H s CHO -► CHjC,H,SO s CH—CHC«H 6 

CoIUCH—CHCOC.H. N °" < '“*> C«HsCHCH 5 COC.H» 
C.IIjCHjSOsCjH, C«H»('USO-C,Hi 

2(RSO,)iCIIs + CH-O > (RS0,)sCHCH a CH(S0tR), + H s O 


Thos«. reactions and the alkylation « „f metallic derivatives of 

disulfones are indications that activation of hydrogen by the sulfone 
group is similar to that by the ketone and other unsaturated groups. 
Ihese results can be explained either by assuming that sulfur may ex¬ 
pand its valence shell or that enoiization is unnecessary for these re¬ 
actions The failure «' of other active methylene reactions to occur 
with sulfones may be attributed to (1) the lesser activating power of the 
sulfone group, (2) the necessity of an enolic intermediate, or (3) a re¬ 
action mechanism requiring addition to an unsaturated group. 

Influence upon Halogen. The sulfone group causes a-halogen to be 
inactive as far .as metathesis reactions are concerned,*“ • =“ suggesting 

730 < ’owie ami Gilson. ./. ft,,,,,. UU33' 

”M;un""r Klcmi.ijt an.t Cl.y,o». J. .S,*.. 68. 13S0 <1930,. 

kotz. It. r., 33. 1123 (liMWl. 

533 Shrinor ami Greenlee. ./. Org. Ch„„.. 4. 242 (1Q39) 

M, l:iv “ in - J • Ch,m.Soc.. 62. 12S2 (1940). 

Michael and I aimer. Am. I hem. J.. 6. 253 (1SS4). 
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that the increased reactivity usually associated with a-halo esters, 
ketones, etc., is a result of a preliminary addition reaction. The sulfone 
group activates a-halogen respect to oxidation reac- 

tions (“positive” halogen). 

RSOiCH,Br + 2NaSR' + C.H.OH - RSO.CH, + R'SSR' + NaBr + C.H.OXa 

Influence upon Sulfone Groups. In general, the disulfones and poly- 
sulfones are less stable than the simple sulfones Disulfonylmethanes 
are not hydrolyzed by alkali, but trisulfonylmethanes “• are cleaved 
to disulfones and sulfonates. 

(RSOi)iCH + NaOH - (RSOj)jCHj + RSOjNa 

When sulfone groups are attached to adjacent carbon atoms cleavage 
occurs more readily than when the groups are on the same atom (Stuffer s 
rule*"). The cleavage reactions of ethylene disulfones produce sulfi- 

nates. M7 ' 23 ® 

RSO*CHtCHtOH + RSO*Na 

RS0*CH 2 CH 2 S0 2 R- 


KCN 


-> 2RSO*K + CNCH*CH,CN 


The alkaline hydrolysis of ethylene disulfones has been applieddn.studies 
of the structures of the linear polysulfoncs from sulfur dioxide and 

° 1C Trimetwenc disulfones =*« are not hydrolyzed by alkali, but a 
tctrasulfonyl propane is reported" to give formaldehyde and the di- 

sulfone. llol i 

(RSO*)*CHCH*CH(SO*R)t - 


-> CH,0 + 2(RS0 3 ) 2 CH 2 


a-Disulfoncs *« may be prepared by oxidation of sulfinic acids, by re- 

*** Mojlandor. Ark iv Ki mi\ Jlf ™ 32. 4520 (1038,|. 
(l 037)|; Some", Ar*,. Xrm. ;'•'* ' ^ ^ Cj ,, lC(C H,,<SO,C,H*>,. and tctronal 

bulfonal (< H»)iC(SO,C, *)*. prepared by oxiduUon of the appro- 

<C,in)»C(SO,C,H*>* arc u*a di « u | fonc obtained from a mercnptal. (Baumann, 

prmto incrcaptola or by alkylation of n Uwuiiom 

Her.. 19. 2808 (1888,; Baumann and lva»t. /• /’ •1/""' • ' *• * “ 26 { . 0<4 . 

•« Ilolmbor,. Her., 40. 1740 ( 1007 ): B.uma,,n and Wa t er . 26. 11.4 (189.1). 

Baumann, Her.. 24. 2272 (1891); Otto. /fir.. 24. 183- (18J1). 

» * m 0-4, ; otto.so.«o-> 

He,. 49. 2593 (1910,; Kohlor 
and MacDonl. Am. Chem.'j.. 22. 219 (1899); Pearl. Evan*, and Dchn. 7. 4-, them 
Hoc., 60. 2478 (1938). 
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action of a salt of a sulfinic acid with a sulfonyl chloride, or by treating 
a sulfonyl chloride with sodium or potassium. 


RS0 2 Na + RSO 2 CI 


2 RSO 2 CI 


+ Na 

(or K) 


>->R- 


o 

T 

-s- 


o 

T 

-s- 


l 

o 


R <■ 


i 

O 


KMnO« 

CHicOOH" 


2 RSO 2 H 


a-Disulfones are easily split by alkaline hydrolysis. 


RSO 2 SO 2 R + 2NaOH -♦ RS0 2 Na + RSQ 3 Na + H 2 Q 


Unsaturated Sulfones. a,/3-Unsaturated sulfones react like a,0-un- 
saturated ketones with malonic ester, 229 sodium mercaptides, 229 the Grig- 
nard reagent, 229 conjugated dienes, 242 and other reagents. 243 


C fl H 5 CH=CHS02C«H4CH r 


C n,<CI T" - ”> C.H.CHCH 2 S0 5 C.H 1 CH3 

+ NaOCII| 


RSNo 


RMgX 


CH(COOCH 3 ) 2 

C6H s CHCH 2 S02C< l H4CH s 

I 

SR 

I C6H 6 CHCHS02CeH 4 CH 3 l 

1 p* 

|h°h 

C,H,CH—CH,SO,C,H 4 CH, 




CH*-CH 

I II 

CH, CH 


C— 


C— 


C^ 


X/ 

/°\ 

CH,-CH C- 

I I II 

CH, CH C- 

^so,/ 


These reactions are of considerable interest because the question 229 of 
the ability of the sulfone group to function as a part of a conjugated 


Ui Alder, Rickert, and Windcmuth, Bcr., 71. 2451 (1938). 

,IS Alexander and McCombie. J. Chem. Soc.. 1913 (1931); Brit. pat. 450,559 [C. A., 
31. 114 (1937>1; C.er. pat. 035.298 [C. A., 31. 115 (1037)1; Ger. pat. 0G3.992 [C. A., 33, 
174 (1939)1; U. S. pat. 2.140.60S [C. A.. 33, 2535 (1939)1; U. S. pat. 2,140,009 [C. A., 33 
2541 (19391 J. 
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system has some bearing on the theoretical considerations (expansion of 
valence shell, etc.) already discussed. For example, the products ob¬ 
tained from the reactions of a, 0 -unsaturated sulfones with the Gngnard 
reagent behave 229 like those obtained from the reaction of a, 0 -unsatu- 
rated ketones. This suggests 229 that the reactions of the sulfones, like 
those of the ketones, occur by 1,4-addition with expansion of the valence 

shell of sulfur. . 

In unsaturated sulfones with a methylene group between the double 
bond and the sulfone group, tautomerism may occur 2,1 • in the three- 
carbon system. 

NaOH 

C»H 6 CH a S0 2 CH=CHCH 1 S0 1 C 2 H. C.H.CH^OsCHsCH^-CHSOjCjIU 


o-Sulfonyl Ketones, Acids, etc. The a-sulfonyl acids may be iso¬ 
lated but arc readily decarboxylated by heat.’“ The sulfonyl group is 
apparently effective »• J1 °- in causing the hydrolysis or alcoholysis of 
keto and other groups. 

RSOiCH*COOH --—> RSOsCHa + COa 


C.HfcSOaCHCOOCaH^ + CsH»OH 

I 

COCHa 

CftHfcSOaCHjCOCHa 


NaOC*n»> 

CcHaSO 2 CH 2 CO0C 2 H 6 + CHaCOOCaHj 


KOII 
-> 


CaHaSOiCH, + CHjCOOK 


Comparison of Activating Effects of Sulfone 
and Sulfoxide Groups 


The important di/Tercncein the electronic structures of sulfones 
and sulfoxides is that the sulfoxides have only one coordinate link and 
hence retain an unshared electron pair. The sulfoxide group, therefore, 
does not have a strong attraction for electrons :4 ' and does not activate 
hydrogen in the a-position . 207 


*« Rothstcin, J. CUm. Soc.. 684 (1934); ibid.. 309 (1937). 

»•* Otto. Dcr., 21. 89. 092 (1888). , , _ 

ut Otto and Otto. J. jnakt. t hem.. (2)36. 401 (1887); Otto and R6a*mg. Bcr.. 33 

762 (1890). 

*« Haininick and Williams. J. Chem. Soc.. 211 (1938). 
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IX. SULFONIC ACIDS AND THEIR DERIVATIVES 


General Characteristics 


Many aliphatic sulfonic acids * are highly hygroscopic. Those of 
low molecular weight are high-boiling liquids (e.g., CH 3 SO 3 H, b.p. 167° 
[10 mm.]), but the higher members of the series are crystalline solids. 
Since —S0 3 H is a polar, water-solubilizing group, the aliphatic sulfonic 
acids which contain a long hydrocarbon chain are detergents (“hydro¬ 
gen soaps”). Their sodium salts f are excellent detergents and may be 
used in hard water since the calcium and magnesium salts are very 


soluble. 

The aromatic sulfonic acids are useful intermediates in synthesis 
because the —S0 3 H group is readily replaced by other substituents. 
Many dyes contain this group because of its water-solubilizing 
action. 

Some of the aliphatic sulfonamides of low molecular weight arc 
hygroscopic, but generally sulfonamides are crystalline solids which are 
well suited as derivatives for the identification of sulfonic acids or of 
amines. Aliphatic sulfonyl chlorides arc lachrymatory liquids, but the 
aromatic sulfonyl chlorides are, with a few exceptions, solids. The esters 

? \ ( ?) 

of sulfonic acids I It—S—OR | arc isomeric with alkyl sulfites \ROSOR/, 

1 

O 

but the two series differ considerably in chemical and physical properties. 


• Tho approved convention (Patterson. J. --tm. Chtm. Soc., 55. 3015. 3020 (1033)] is 
to nnmo sulfonic acids and their derivatives as derived from hydrocarbons. However, in 
tho nomenclature of sulfones the acyl radicals derived from sulfonic acids are olkylsulfonyl 
radicals. For example: CHjSOiH. methanesulfonic acid: CHjSOjCl, mcthnnesulfonyl 
chloride; C*H*SO-OC»H». ethyl l>enzenesulfonute: CH»SO,CH*COOH. mcthylaulfonylace- 
tic acid; C«H*SOjCH a COOH. phenylsulfonylacetic acid. 

t These are not to be confused with the commoner "soaplcss detergents." which are 
sodium alkyl sulfates, not sulfonates. Some of tho sulfates ore prepared by neutralizing 
the alkyl acid sulfates which are formed by the action of concentrated sulfuric acid upon a 
mixture of high-molecular-weight alcohols (average, about Cij) obtained by tho hydrogena¬ 
tion of glycerides. 

II-SO. NnOlI 

ROH -> ROSOjH -> ROSOjNa 


These products are sold in "Droit” and "Drone.” "VcT* is likewise a sulfate. 

O OH 

2 glycerol 

CII 2 -CH-CH. —-> 3RCOCH;CH—CHj — RCOCH^HCH^SO.Na 

III II I I -Vel" 

OCOR OCOR OCOR O OH OH 
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Preparation 

By Sulfonation. Alkanesulfonic acids are formed in low yields (less 
than 40 per cent) by the action of fuming sulfuric acid «* or chlorosul- 
fonic acid upon paraffin hydrocarbons. 

RH + HsSO.SOj — RSOaH + HjSO, 

The reaction occurs more readily with branched-chain hydrocarbons 
than with normal hydrocarbons. Some disulfonic acids are obtained s “ 
by passing sulfur trioxide through boiling paraffin. 

Sulfonation of aliphatic hydrocarbons may be carried out with sul- 
furyl chloride “» provided that pyridine, quinoline, or a sulfhydryl com¬ 
pound is added to suppress the chlorination reaction. The reaction 
mixture is irradiated during sulfonation. In this way a 55 per cent yield 
of cyclohexancsulfonyl chloride may be obtained. 

The sulfonation of olefins is described elsewhere (p. 177). 

Sulfonic acids arc formed by sulfonation during the refining of pe¬ 
troleum distillates, and their salts are used as detergents, emulsifying 
agents, wetting agents, cutting oil, etc. 

Carboxylic acids and anhydrides are more readily sulfonated than 
the hydrocarbons. Aliphatic carboxylic acids have been converted to 
a-sulfo acids by reaction with sulfuric acid.™ sulfur trioxide™ and 
chlorosulfonic acid.™ Kinetic studies ™ indicate the following mecha¬ 
nism for the sulfonation of acetic anhydride. 

(CH,CO)jO + HjSO, — CHjCOOH + CIIjCOOSO.H — HO«SCH,COOH 

Aliphatic acids react with sulfuryl chloride in an unusual manner *“ 
giving sulfonation in the 0-position. This reaction is favored by light 
and by the absence of peroxides. Peroxides catalyze the chlorination 
reaction, which occurs in the a-, (J-, and 7 -positions. 


Petoiitlti 


CH 3 CH 2 COII 


80 *CI, 

Dark 


light 


> CICHjCHjCOOH + CII3CHCICOOH 


37 *; 


* tt Woratull, Am. Ckcm. J.. 20. 004 (IMS). 

**• Young, J. t hem. Soc.. 76. 172 

,4 ° Kharanch and Read. J. Am. Ckcm. Sac.. 61. 3089 (1939). 

Franchimo.it. tWjrf. rend.. 92. 1054 (1K*1>: Irat. ch,m.. 7. 27 (1888). 

*** Mclttona, Ann.. 62. 270 (1884). 

Baumntark, Ann.. 140, 81 (1800). 

“• Murray and Kenyon. J. Am. Ckcm. Sue.. 62. 1230 (1940). 
m KharuHch and Brown, ibid.. 62. 925 (1940). 
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The sulfonation of aromatic hydrocarbons is the common method of 
preparation of aromatic sulfonic acids and is too familiar to warrant 
a detailed discussion. The mechanism of this reaction ha5 been dis¬ 
cussed elsewhere (p. 175). Fuming sulfuric acid or chlorosulfonic acid 
are the sulfonating agents used. Chlorosulfonic acid appears to form 
the sulfonic acid first 156 but an excess of it produces the sulfonyl chloride. 

Aril + HsSO«-SO» -* ArSOjH + H*S0 4 
ArH CIS °‘ l -- > HC1 + ArSOjH CTS ° - > H s SO. + ArSOjCl 

Mercuric sulfate 257 and silver sulfate arc catalysts for sulfonation. 

The temperature of sulfonation may have an important influence 
upon tlie ratio of isomers produced. For example, sulfonation of toluene 
at low temperatures gives a relatively large amount of the ortho isomer. 
o-Tolucnesulfonic acitl and p-toluenesulfonic acid are interconvertible 
on heating with concentrated sulfuric acid. The reaction is considered - w 
to be intramolecular. High temperatures (200-250°) arc necessary for 
the formation of disulfonic acids. Disulfonation of benzene gives pre¬ 
dominantly the mctci isomer with a small amount of the para derivative; 
high temperatures and the presence of moisture accelerate the formation 
of an equilibrium mixture 259 of the two. Introduction of a third sulfonic 
acid group is usually brought about at a higher temperature obtainable 
with a sulfuric acid-potassium bisulfatc mixture. 

Sulfonation of polymethylbenzenes 280 or methylhalobenzcnes 281 may 
give rearrangements. For example, durene gives pentamethylbenzene 
and a mixture of two trimethylbcnzenesulfonic acids. 

Sulfonation has been suggested 242 as a method for the identification 
of aryl halides and ethers. 

By Oxidation of Sulfhydryl Compounds. The oxidation of lead mer- 
captides by nitric acid 283 is an excellent method for the preparation of 
aliphatic sulfonic acids. The load sulfonates obtained by this method 
are readily converted to sulfonic acids by treatment with dry hydrogen 
chloride in isopropyl alcohol. The yields arc 00-92 per cent. 


(RS) 2 Pb 


JINOi) 


> (RSOj) 2 Pb 


Dry IIC1 

in ^CIIa'aCHOlI 


PbCl- + 2RSOaH 


**• Harding, J. Chem. Sot.. 119. 1201 (1921); Stewart, ibid.. 121. 2550 (1922). 

UT Bclircnd and Mcrtclsinann. Ann.. 378. 352 (1911); Holdcrinann. Her.. 39. 1250 
(1900). 

a “ Hollctnnnn and Calami. Tier.. 44. 2504 (1911). 

212 Poluk, Ret. Ini r. chi in.. 14. 410 (1910). 

540 Smith and Cass. J. Am. ( hem. Sat.. 54. 1G14 (1932); Jacobsen. Bcr.. 19. 1209 (1SSG) 
2 “ Jacobsen. It. r.. 20. 2837 (1S87); Tohl. Her.. 25. 1523 (1892). 

162 Huntress and Carton. J. Am. Chan. St*., 62. 511 (1940). 

295 Noller and Gordon, ibid.. 55. 1093 (1933); Vivian and Reid, ibid.. 57. 2559 (1935). 
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Other oxidizing agents which have been used for the oxidation of mer- 
captans to sulfonic acids are potassium permanganate 264 and hydrogen 
peroxide . 265 The action of chlorine or bromine in acetic acid or in water 
converts 266 • 267 mercaptans and thiophenols to sulfonyl chlorides or sul- 

fonyl bromides. _ 

RSH + 3C1* + 2HjO —* RS0 2 C1 + 5HC1 

By Oxidation of Other Compounds. The preparation of alkanesul- 
fonyl halides has been carried out with excellent results by the oxida¬ 
tion 13 * 268 of S-alkylisothiouronium salts (p. 841) with aqueous halogen. 
This process is superior to the one mentioned above because it avoids 
the isolation of the mercaptans. 

RS0 2 C1 (Cl-83%) 
RSOjBr (3G-65%) 

The chief objection to this method is that a few serious explosions have 
occurred. 26 ’ In these cases it appears that the reaction product was 
not isolated immediately after the introduction of the amount of chlorine 
necessary for the formation of sulfonyl chloride and that nitrogen tri¬ 
chloride may have been formed. 

The formation of sulfonyl halides or sulfonic acids has been re¬ 
ported 13 • 267 270 by the application of this reaction to thioesters, S-alkyl- 
thiourethancs, thiolsulfonic esters, thiocyanates, alkylmcrcaptopyrimi- 
dines, S-alkyltrimethylisothioureas, xanthates, and similar compounds. 

Although the starting materials arc somewhat less conveniently 
prepared, the chlorination of disulfides »• seems to offer a method of 
synthesis of sulfonyl chlorides without any possibility of the formation 
of nitrogen chlorides. The disulfide is dissolved in glacial acetic acid, 
the theoretical amount of water added, and chlonne passed in. The 
reaction is complete in a few minutes. 

RSSR + SCI. + 4H,Q 2RSO » cl + 8HC1 



m Autcnricth, Ann.. 269. 363 (1890.; Collin.. Hilditch. M«r»h. and McLeod, J. Soc. 
Chem. Itul., 52. 272T (1933). 

m Backer, IUc. Irav. chim., 64. 205 (1035). 

*•* Zincko and Frohnebcrg. Her.. 43. 837 (1010); ^oung. J. Am. Chem. Soc.. 69. 811 

‘"Douglass and Johnson. J. Am. Chem. Soc.. GO. 1480 (1938). 

* M Sprague and Johnson, ibid.. 69. 1837. 2430 (1937). 

Folkcrs. Russell. and Boat. ibid.. 63. 3530 (1941). 

170 BottCRUY and Krebs. Com,,l. rend.. 206. 1202 (10.18): Johnson and Douglass. J.Am, 
Chem. Soc.. 61. 2540 (1039); Johnson, /'roe. A all. Acad. Sci. U. S.. 26. 44S (1039) [C. A~ 
34, 2811 (1040)); Slone. J. Am. Chem. Soc.. 62. 571 (1040). 
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Diaryl disulfides 271 may require more vigorous conditions for oxidation. 
Mercaptals, mercaptols, and sulfoxides, which also give sulfonyl chlo¬ 
rides 110 under these conditions, arc not readily enough available to 
appear as promising materials for use of this reaction in synthesis (pp. 
858, 873). Trithioforrnaldchyde, however, is a good source 119 of chloro- 

methanesulfonyl chloride (p. 858). 

By the Strecker Reaction. Alkyl halides react 272 with sodium or 
ammonium sulfite to give salts of alkanesulfonic acids. Alkyl bromides 
are generally used, but it is claimed »* that better yields (90-99 per cent) 
may be obtained by using alkyl chlorides in an autoclave at 200°. The 
sulfonic acids may be Isolated 274 as their barium salts, liberated with sul¬ 
furic acid, and converted to phenylhydrazonium salts. The Strecker re¬ 
action may be applied to polymethylene halides 275 or branched-chain 
halides. 276 

RX + NajSOa —* RSOaNa + NaX 

Silver sulfite reacts 277 with alkyl iodides to give esters of sulfonic acids. 

O 

T 

2RX + Ag*SOj -» R—S—OR + 2AgX 

O 

By Addition of Bisulfites to Olefins. 66 Olefins apparently do not 
react with bisulfites in the absence of oxygen. In the presence of oxygen 
addition occurs 276 in a manner opposite to that predicted by Markowni- 
kofPs rule (“abnormal addition”). Yields vary from 12 per cent (ethy¬ 
lene) to 90 per cent (cinnamyl alcohol). 

CIIaCH—CH, + NallSOa — CTI:.CH 2 CII 2 SO,Na 

Three sulfonic acids have been obtained 2:9 from the reaction of styrene 
with ammonium bisulfite in the presence of oxygen. 

771 Sohreiber ami Shrincr. J. Am. Chem. Soc.. 66. 114 (1034). 

,,J St rocker. Ann.. 148. 00 (ISOS); Reed and Tartar. J. Am. Chem. Soc.. 67. 570 (1935). 
775 Turkiewici and St. 1’ilat, Her., 71. 2S4 (193S). 

774 Latimer and Host. J. Am. Chem. Soc.. 59. 2500 (1937); J. Org. Chcm., 6. 24 (1940). 
774 Stone. ./. Am. Chem. Soc.. 58. 4SS (1930). Sec also Stone. Ref. 270. 

774 ZufTanti. J. .4m. Chem. Soc., 62. 1044 (1940). 

7:7 lvurbatow. Ann.. 173. 7 (1S74). Alkyl sulfites arc also obtained by the action of 
thionyl chloride on alcohols. Voss and Wachs. Her., 68. 1939 (1935). Sec also Ref. 281. 

774 Kharasrh. May, and Mayo. Chem. and Ind., 16. 774 (193S); J. Org. Chem., 3. 175 
t 1938); Kolkcr and I.apworth. J. Chem. Soc., 127. 307 (1925). 

7:7 Kharn.««-h. Schenck. and Mayo. J. Am. Chem. Sue.. 61. 3092 (1939). 
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C6H 6 CH=CH 2 


NH.HSO, 

--> 

O, 


C6H,CH 2 CH 2 SO,NH4 

+ 

CtHiCH=CHS03NH4 

+ 

CeHsCHCOHjCHsSOaXH* 


Other Methods. The formation of salts of a-hydroxy sulfonic acids 
(aldehyde and ketone bisulfites) and of sulfonates by_ addition to c,0- 
unsaturated ketones, etc., is discussed elsewhere (p. 6/7). d-Hydroxy- 
sulfonatcs may be obtained =“ by the reaction of alkylene oxides with 

sodium bisulfite. 

CH 2 —CH 2 + NttHSOj — HOCHjCHsSOaNtt 

Alkaline hydrolysis of alkyl sulfites causes rearrangement from oxygen 
to sulfur and gives sulfonic acids.* 4 

0 ? 

R—O—S—O—It + NaOH — K—S—ONa + ROH 

O 

Sodium alkyl sulfites, obtained by the reaction of alkoxides with sulfur 
dioxide, undergo a similar reaction * in the presence of salts such as 
sodium iodide. 

o o O 

+ T 


HONa + S 


H—O—S—ONa 


\. 


O 


-> it—s- 

CNial) 

o 


-ONa 


Formation of Acid Derivatives. The conversion of sulfonic acids and 
their salts to sulfonyl chlorides may be carried out by the use of cl,loro- 
sulfonic acid,- phosphorus pc.itachloridc,- benzotr.chlor.de,- or an 
excess of tl.ionyl chloride- The use of acid chlorides for the synthesis 
of esters and amides will be described with the other reactions of sulfonyl 
chlorides. Sulfonyl iodides are prepared from salts of sulfin.c acids 
(p. 917). Sulfonic anhydrides, (ItS0 2 ) 2 0, are known but are not 
portant. 

*»° Luuer und Ilill. J. Am. Chem. S<x.. 68. 1873 0930). 

- Roaonhoiin and Sarcw. Be 3S. 1303 «1«U5). llosenlKsm u..d l..ebknecbt, Be... 31. 
406 (1808;. 

“* Joy and Bo K erl. J■ Org. Chcm.. 1. 230 0930). 

ZtSStltt&Z 03. 03 (1030); Smiles and llilditell. 

: Abrahall. 7. Sue., *9. 093 ,1880,; Hosenbcrg 

Bct., 19. 062 (1880;; Armstrong. !Ur.. 26C. /62 (18«J2j. 
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Reactions Resulting in Replacement of the Sulfonate Group 

Replacement by —H. The aromatic sulfonic acids are hydrolyzed to 
hydrocarbons and sulfuric acid by heating with mineral acids. 

ArS0 3 H + HOH —> ArH + H 2 S0 4 

The reaction is best carried out in sealed tubes 2 “ or by superheated 
steam, 287 although highly substituted aromatic sulfonic acids are hydro¬ 
lyzed at 100°. The hydrolysis of sulfonic acids is chiefly of interest be¬ 
cause of its application in the separation of hydrocarbon mixtures. A 
mixture of hydrocarbons or aryl halides is sulfonated and the sulfonic 
acids or salts isolated. Occasionally one component of the mixture is 
resistant to sulfonation 288 and Is separated in this way. The separation 
is sometimes carried out by fractional crystallization of the salts and then 
hydrolysis of the purified products. If one of the sulfonic acids is more 
readily hydrolyzed than the other, 260 one hydrocarbon can be removed 
by steam distillation. 

The aliphatic sulfonic acids arc not hydrolyzed by acids and in this 
series replacement of the sulfonic group by hydrogen is not known. 

Replacement by —OH. The formation of phenols by the alkaline 
fusion of salts of aromatic sulfonic acids was discovered 280 simultane¬ 
ously by Wurtz, Kekuld, and Dusart. 

ArSOjK + 2KOH — ArOK + K*SO a + H 2 0 



ArOH 

This is familiar as a commercial and laboratory 290 method for the syn¬ 
thesis of phenols. It may be added that sodium hydroxide often fails 
as a reagent for this reaction but that then potassium hydroxide, alone 
or mixed with sodium hydroxide, will bring about reaction. Rearrange¬ 
ments often occur during fusion (e.g., both m- and p-benzencdisulfonic 
a- ids give resorcinol), and this, therefore, cannot be used to determine 
:'io orientation of substituents. Oxidation reactions 291 may cause the 
urination of by-products. 

“• Limpricht. Her., 10. 315 (1S77). 

Armstrong and Miller. J. Chem. Soc., 45. 14S (1SS4); Kclbc. Ber., 19. 92 (1880). 

C ohen and Hartley. J. Chem. Soc.. 87. 1302 (1904). 

**• Wurtz. Com pi. rend., 64. 749 (1SG7) ; Kckul£, ibid., 64. 752 (1807); Dusart, ibid., 64 
859 (1807). 

Gnttermnnn. Bcr., 24. 2121 (1891). 

2,1 l.icbermann, Ann., 212. 25 (1882); Meyer and Hartmann, Ber.. 38. 3945 (1905) 
Boswell and Dickson. J. -4m. Chem. Soc., 40. 17S0 (191S>. 
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The aliphatic sulfonic acids are more stable than the aromatic but 
treatment at 350° with 4 N alkali causes partial conversion 2 * to al¬ 


cohols. , „ . . - 

Replacement by —CN. Fusion of salts of aromatic sulfonic acids 

with potassium cyanide ** is a familiar method for the preparation of 


aryl cyanides. 

AtS0 3 K + KCN 


K*S0 5 + ArCN 


The formation of cyanohydrins from the bisulfite addition products of 
the aldehydes and ketones may be considered an example of an anal¬ 
ogous reaction in the aliphatic scries. The reaction does not appear 
to have been extensively studied with the aliphatic sul onic acid* but 
a-toluenesulfonic acid 5W gives benzyl cyanide by distillation with po- 
tassium cyanide. 

C.H.CH.SOjK + KCN — > KiSOj + CtHjCH-CN 

Replacement by Other Groups. A number of reactions for the re¬ 
placement of the sulfonic acid group have either been studied in only 
a few cases or arc not generally applicable. Aldehydes have been ob¬ 
tained »“ by fusion of sodium formate with the potassium salt of an 
aromatic sulfonic acid. The sodium sulfonate does not react. 


O 

II Fu#e 

ArSOaK + NaOCH -> 


O 

ArC—H + NaKSOi 


Sulfanilic acid gives tribromoanilinc ’* by reaction with bromine water, 
but this type of replacement Is limited, in the benzene series, to cases 
in which the sulfonic acid group is ortho or para to a phenolic or ammo 


group. 



In general, sulfonic acids derived from polycyclic aromatic hydro- 
carbons undergo replacement of the sulfonic acid group more readily 

m Wagner and Reid. J. Am. Chtm. Soc.. 63. 3407 (1931). 

*•* Morz and MQlhaQacr. Her.. 3. 710 (1S70). 
m Barbaglio. Dcr.. 8 . 270 (1872). 

16 . 1547 1730 
"137 (I860); Hcmichon. Ann.. 263. 371 (1889); Daur. Dcr.. 27, 1019 (1891). 
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than the members of the benzene series. Some of the nitronaphthalene- 
sulfonic acids and anthraquinonesulfonic acids give 297 nitrochloro- 
naphthalenes and chloroanthraquinones by heating with hot aqueous 
chlorine or with hydrochloric acid and sodium chlorate. 

Some sulfonates undergo replacement reactions 298 when heated with 
phosphorus pentachloride. 




+ 2POC1, + NaCl + SOCU 


Poor yields of aniline are obtained 289 by heating sodamide with 
sodium benzenesulfonate, but sodium 0-naphthalenesulfonate and 
naphtholsulfonatcs give better results. 200 


NiNHj 
A A 


60% 


+Na*SO, 



Replacement of sulfonate groups by amino groups occurs with relative 
ease in the monosulfonic and disulfonic acids derived from anthraqui- 
none. 201 



70% 


” T Ullinnnn and Ochsncr. ^tnn.. 381, 2 (1911); Ger. pat. 205.913 [Chcm. Zcntr., I. 702 
(1909)1; Ger. pat. 228.876 (CAcm. Zcntr., I, 102 (1911)]; Friedlander, Kararaessinis. and 
Schenk. Her., 65. 45 (1922). 

”® Corius, Ann., 114, 145 (18G0). Under milder conditions an excellent yield of the 
sulfonyl chloride is obtained from sodium a-naphU>alenesulfonatc. Seo Joy and Bogert, 
Ref. 282. 

”* Jackson and Wing. Dcr.. 19. 902 (1S86). 

400 Sachs. Brr., 39. 3014 (1906). 

301 Kauller und ImhofT. Ber., 37. 4708 (1904); Ger. pat. 256.515 [C7>em. Zcntr., I. 860 
(1913)1; Ger. pat. 273,810 {Chcm. Zcntr., I. 1903 (1914)). 
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Sodium a-anthraquinonesulfonate reacts readily JK with mercap- 
tides, giving a-alkylmercaptoanthraquinones. This reaction has been 
applied to the preparation of soUd derivatives of mercaptans. 




The sulfonic acid group is often readily replaced by the mtro group; 
sulfonation is sometimes carried out"» before nitration because the 
sulfonic acids are not readily oxidized by nitric acid. 



Disulfonic acids and their derivatives in which the sulfur atoms are 
attached to adjacent carbon atoms arc cleaved by alkaline reagents 
similarly to ethylene di-sulfoncs (p- S83). 


Reactions of Esters of Sulfonic Acids 

Unless definitely stated otherwise, this discussion will deal trith ali¬ 
phatic esters of aromatic sulfonic acids. The aliphatic esters of aliphatic 
sulfonic acids have not been thoroughly investigated; their reactions 
appear to be sometimes similar and sometimes dissimilar to those of 
the alkyl esters of aromatic sulfonic acids 1 he reactions of the latter 
(ArSOaR) lead to introduction of an alkyl group, but when aryl esters 
(ArSOaAr) react they usually*“ form su finales and introduce the 
ArO group. In general the aryl esters arc less use ul in synthesis and 
will not be described in detail. It should perhaps be pointed out that 

Roid, Mockull, and Miller. J. Am. Chen. Sue.. 43. 2104 (1021). 

Mer, 20:17 «.S79, Autcnrl0lh oik1 Koburger. B<:. 

«• (IS07,; Cluttorbuck ana Coho, 7 

^““L'.'.nTSp-orth. J. CHcm. Soc.. 101. 273 (1012) ; Philip,. M.. 1*3. « (1923). 
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the sulfonic esters * contain no double bond and that this may account 
for the difference in their reactions and those of esters of carboxylic 
acids. From the same considerations outlined in the discussion of sul- 
fones (p. 881) it would follow that reactions of carboxylic esters which 
occur by addition to the /C=0 would not occur, or would occur less 
readily, or by a different mechanism, with sulfonic esters. 

O-, N-, S-Alkylation. Alcohols are produced by the alkaline hy¬ 
drolysis of alkyl esters of sulfonic acids. In some cases 305 hydrolysis 
occurs by exposure to moisture of the air. Sodium alkoxides or phenox- 
ides give ethers. 30 ® Amines 305 • 307 arc alkylated by alkyl sulfonates as 
they are by alkyl halides. 


ROR 

« 

NaOK N 
NsOAr/ 

ArOR 


ROH 

* 

NaOH 

ArSOaR 


r K \ r R \ 

R > H *J a* 50 ’- Sot r > NH 


U'NII, 


H'jNH 

R' - 

K.N ' R' | 

>NH 
•a" R X 


[RaNRl+ArSO 


ArSOj" 


NaOH 


R'sNR 


The formation of quaternary ammonium sulfonates has been used for 
the identification of amines. 3 ** Alkoxymagnesium halides, instead of 
giving ethers as do the sodium alkoxides, give alkyl halides 309 from their 
reaction with alkyl esters of aromatic sulfonic acids. 

2ROMgX s=s (RO)jMg + MgX, 2R'X + (ArSO s ) s Mg 


The formation of sulfides (p. 854) and sulfones (p. 874) by the reactions 
of mercaptides and sodium sulfinates with alkyl sulfonates has already 
been mentioned. 

• Thi!* chapter contains no separate discussion of alkyl sulfates, but their structure 

I t V 

I ROSOlt I is closely related to that of sulfonic esters and the reactions of the two series aro 

\ i I 

therefore comparablo. 

108 Kastlo and Murrill. Atn. Chtvi. J., 17. 290 (1895); Kostle. Murrill, and Frazer. 
ibid., 19. 894 (1S97). 

101 Ullmann and Wenner. Ann.. 327. 120 (1903); Foldi. Ber., 65. 1535 (1922). 

30 * Marvel, Scott, and Ainstutz, J. Am. Chtm. Soc., 61. 3G38 (1929). 

109 Mine. J. Chcm. Soc. Japan, 65. 11GS (1934) [C. A.. 29. 7940 (1935)]. Cope (J. Am 
Chcm. Soc., 66. 1340 (1934)] has observed a similar reaction with alkyl sulfates. 
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C-Alkylation. The alkyl esters of aromatic sulfonic acids appear 310 
to be satisfactory reagents for the alkylation of active methylene com- 
pounds, although they have not been widely used for this purpose. 


ONa 


O 


ArSOaR + CH a C=CHCOOC-H & — ArSOaNa + CH,C—CHCOOC*H 6 

R 

The reaction of sulfonates with Grignard reagents has been thor¬ 
oughly studied. 306 ’ 311 Alkyl esters of aromatic sulfonic acids react with 
both aromatic and aliphatic Grignard reagents, giving the hydrocarbon 
(30-70 per cent) and halomagnesiura sulfonate. I he latter is responsib e 
for the side reaction which gives alkyl halide as a by-product. 

ArS0 3 CH 3 + RMgX—► ArSOaMpX + RCH 3 (or ArCHj) 

Ax&X, (ArSO>)tMg+MgXj CHjX+ArSOjMgX 

This reaction is the basis of methods for lengthening the carbon chain 
by three carbon atoms > 11 and for preparing p-alkylbromobenzcnes. 

ArSOiCHiCHiCHjCI + RMgX - ArSO.MgX + RCH=CH,CH s Cl 
ArSO.R + p-BiC«H«MgBr — ArSO.MgBr + p-BrC,H.R 

Aryl esters of aromatic sulfonic acids do not react with alkyl- 
magnesium halides; with arylmagnesium halides the products 
diarylsulfoncs (40-85 per cent). 

At—S—A r* + Ar'OMgX 

1 

O 


ArMtX 


ArSOaAr'— 


hmkX—> No reaction 


Alkyl esters of aliphatic sulfonic acids «• give both types of the re¬ 
actions described above. Ethyl cthanesulfonatc reacts w.th phcnyl- 
magnesium bromide to give a sulfone as the major product, although 
some ethylbenzene is formed. 

VT * ■ w> , , , Chrm 12. 318 (1936) [C. A.. 29. 0881 (1935)]. 

S' Am Ch^m Soc.. 47. 620 (1026,; Gdm»o, Dcabcr. and Myers 

«T. £55 Z&SLL12 HcX Z :».«.««». mu-. «....... 

66, 1087 (1034) [C. A.. 29. 6427 (1936,|. 

»« lloHsandcr and Marvel. J. Am. S^-. e 0 . 1491 (1928). 

»»• Copenhavcr, Roy. and Marvel, ibid.. 67. 1311 (1935). 
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C 2 H6S0 3 C 2 H 6 


CeHjMgBr 


o 

T 

CeHs—S—C*H 6 

l 

O 


CjHeOMgBr 


CgHs—C2H5 + C^HsSOaMgBr 

Fries Rearrangement. The formation 314 of a sulfone from the treat¬ 
ment of p-tolyl benzenesulfonate with anhydrous hydrogen fluoride is 
analogous to the well-known Fries rearrangement of aryl esters of car¬ 
boxylic acids. 

CH a 




Reactions of Sulfonyl Halides 


With —OH Compounds. Sulfonyl halides are hydrolyzed slowly by 
water, rapidly by alkali. They react readily with alcohols 3,3 to give 
esters. Aryl esters are prepared by using a salt of the phenol or, better, 
by the use of pyridine 3,6 as a solvent. 


O 

T 

R—S—Cl 

1 

o 


2N«OH 
- > 


R'OII 
-> 


ArOU 

(C»H*N) 


RSO*Na + NaCI 4- H 2 0 
O 

r 

R—8—OR' + HC1 
1 
O 

o 

T 

R—S—OAr + CftHsNHCl 

l 

O 


With A m i n es. The most common use of the reaction of amines with 
sulfonyl halides is in the familiar Hinsberg test 3,7 for distinguishing 

3,4 Simons, Archer, and Randall, ibid., 62. 4S5 (1940). 

3,4 Krafft and Roos. Bcr., 26. 2255 (1S92) ; 26. 2S23 (1S93): Krafft, Bcr., 26. 2829 (1893). 

3,4 Sokcra and Marvel. J. Am. Chcm. Soe.. 66. 345 (1933); Sekera. ibid., 66. 421 (1933)* 
Hazlet, ibid., 69. 287 (1937). 

3,7 Hinsberg. Bcr., 23. 2963 (1890); Hinsberg and Kessler. Bcr., 38. 906 (1905). 
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primary, secondarj', and tertiary amines. The reaction may also be 
applied to the separation of amine mixtures and to characterization of 
amines or sulfonyl chlorides. In the case of primary amines, disulfonyl 
derivatives are sometimes important by-products, but these may bo 
converted to simple sulfonamides by alcoholysis in the presence of 
sodium ethoxide. 


RSOiCl 


N.OH 

- > 

IV* NH 


IVjN 


R ' NH * RSOsNHR' NaOH > [RSOjNR']“Na + -* (RSOt)sXR' 

t_1 

NaOCaHj 

> RSOsXR't — Insoluble in acids and bases 


» No reaction 


With Enolates of Active Methylene Compounds. W hen p-toluene- 
sulfonyl chloride is allowed to react with the sodium derivative of ethyl 
acctoacctatc, 318 it appears that the first step is reduction of the chloride 
to the sulfinate; subsequent reactions lead to the formation of tolylsulfo- 
nylacctic ester and diacetylsuccinic ester. Similar results are reported 
with malonic ester. 


RSO,Ka + CII.COCHCICOOC.H* 

tu > \ 

A 1 n \ 

rCH,COCHCOOC,H»1 CH»COCHCOOCjH» 

L SO..R J ch.coAhcooc.ii. 

Nol i»clnl«i 

With Organometallic Compounds. The activity of sulfonyl halides 
as halogcnating agents, shown above, is also observed in their reactions 
with zinc alkyls **• and sodium acctylides »• which produce replacement 
of metal by halogen. 

2RSO,I + (C*H»)*Zn —* (RSO a )«Zn 2C S H»I 

RSOjCl + C«IIfcC^C—Nn —» RSOiNa + C»H*C—CC1 

The reaction of sulfonyl chlorides with an equivalent amount of the 
Grignard reagent* 31 at low temperatures gives sulfoncs (up to 85 per 
cent) as well as products analogous to those from other organometallic 
compounds. 

m Kohler nn.l MacDonald. Am. Chem. J.. 22. 219. 225 (1890). 
m Otto and Trogcr. Her.. 24. 4H8 (1S91). 

m Truchet, Ann. ehitn.. 16. 390 (1931); Murray. J. Am. Chem. Sue.. 60. 2502 (1938). 
"> Gilman and FothcrgiU. J. An t. Chtm. Sue.. 61. 3501 (1929). 


ONa 

RS0,C1 + CH,i—CHCOOC*H* — 
l ll 

CH *COOCjH» + 

RSOaCH jCOOC>H» — 
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CeH6S0 2 Cl + RMgX — 


O 

T 

CftHs—S—R + 

l 
o 

CaH^SOsMgX + RC1 



When the sulfonyl chlorides are treated with an excess of the Grignard 
reagent, then gently heated, the sulfinate is converted to sulfoxide and 
other products. 321,322 

O 

T 

CftH^SOaMgX + RMgX -♦ CftHfcSR + (MgX),0 

The reaction of sulfonyl fluorides with the Grignard reagent has been 
the subject of a controversy. 323 The formation of sulfones and disulfones 
has been reported. 

C*H*S0 2 F 4 . CHjMgl -> CeHsSOjCHtSOtC^H* 

I ii 4 

i „ T' 

MgX* + CbH^SOjCH, —> [C ft H 6 S0 2 CH 2 ]-MgX+ + CH 4 

Other Reactions. The reaction of sulfonyl halides with mcrcaptans 
and thiophenols is not analogous to the reaction with alcohols and 
phenols and will be considered in the section on thiolsulfonic esters. 
The preparation of thiophenols (p. 844) and sulfinic acids (p. 914) by the 
reduction of sulfonyl halides is described elsewhere. Aliphatic sulfonyl 
chlorides form a-halo derivatives 324 by a reaction analogous to the Hell- 
Yolhard-Zclinsky synthesis. Some sulfonyl halides decompose upon 
standing or under the influence of heat; a-toluencsulfonyl chloride, 325 
for example, gives benzyl chloride and sulfur dioxide. 

C.H.CHjSO.Cl ^ CjHiCHsCl + SO, 


Reactions of Sulfonamides 

Hydrolysis. In discussing the Hinsbcrg reaction (p. 899) it was 
mentioned that an important application was the separation of amines. 
The amines may usually be recovered from their sulfonamides in good 

331 Hopworth and Clnpham, J. Chem. Soc., 119. 1188 (1921); Wedekind and Schenk, 
Her., 64. 1004 (1921). 

Steinkopf and Jaeger. J. prakt. Chem., 128. 63 (1930) ; Gibson, ibid., 142. 218 (1935). 
* Latimer and Bost. J. Org. Chem., 6. 24 (1940). 
m Limpricht. Bcr., 6. 534 (1873); Mohr. Ann.. 221. 215 (1SS3). 
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yields (90-95 per cent) by refluxing (ten to thirty-six hours) with 25 
per cent hydrochloric acid. 326 

ArS0 2 NHR + H 2 0 -> ArSOaH + RNHi-HCl 

Jh,o 

ArH + HjSO* 


a-Toluenesulfonamides are very readily hydrolyzed and are therefore 
useful in synthesis. 377 

C fl H 5 CH 2 S0 2 NR 2 + 2HC1 — C 6 H*CH 2 CI + SO, + RjNHHCI 


Sulfonamides obtained from secondary amines undergo this reaction 
more readily than those from primary amines. Acid hydrolysis of nitro- 
benzenesulfonamidcs is extremely difficult. 

The reaction of sulfonamides with cold aqueous alkali to form salts 
is a familiar one (sec p. 899). The acidity of sulfonamides may be at- 

O 

T 

tributed to the electron-attracting properties of the R—S— group, and 

O 

the structure of the anion is subject to the same considerations advanced 
in the discussion of sulfones (p. 880) except that N replaces C. 

Most sulfonamides arc not changed by drastic treatment with alkali 
(e.g., bcnzenesulfonanilide is unaffected by fusion with 80 per cent so¬ 
dium hydroxide at 250°), but the presence of a nitro group in the ortho 
or para position causes them to undergo alkaline hydrolysis.* 7 '• ** 
Cleavage occurs between sulfur and carbon, rather than between sulfur 
and nitrogen as is the case in acid hydrolysis. 


0 2 NC ft H 4 S0 2 NHR 


SOr t NaOlI 


105-220* 


0 2 NCftII 4 0Na + RNHS0 2 Na 


NaOH 


RNH 2 + NftjSOj 

40-4)0 r J. 


Halogenation. Sulfonamides react readily 32 * with halogen in alka¬ 
line solution to give N-halo and N,N-dihalo derivatives. 

RSOaNIIa + NaOX II 2 0 + [RS0 2 NX)"Na + 2N«OH + RS0 2 NX, 

| net 

RS0 2 NHX + NaCl 

"• Schroibor and Shrinor. J. Am. Chcm. Soc., 66. 1018 (1034). 

m Johnson and Ambler. J. Am. Chcm. Soc.. 36. 372 (1014); Johnson and Dailey. J. Am 
Chcm. Soc.. 38. 2136 (1010). 

*** Pezold, Scbrciber, and Shriner. J. Am. Chcm. Soc., 66, 000 (1034). 
m Chattawoy, J. Chcm. Soc.. 87. 148 (1005). 
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“Chloramine-T” (sodium N-chloro-p-toluenesulfonamide), “Dichlor- 
amine-T” (N,N-dichloro-p-toluenesulfonamide), and “Halozone” 
(p-HOOCCflH 4 S0 2 NCl 2 ) are useful antiseptics. The halogen of N-halo- 
sulfonamides is “positive” in character; it is therefore remarkable that 
a salt such as Chloramine-T ([CH 3 C 6 H 4 S0 2 NC1J-Na + ) should be 
stable. 

The N-halosulfon amides add to olefins, 430 forming /3-halosulfona- 
mides. 

Br Br CH 3 

C*H6CH=CHCH 3 + CeHfcSOiNCHj —* C«H»CH—CH—N—SOjCftH* 

I 

ch 3 

By carrying out the reaction in the presence of alcohols or acids the 
main products are /3-halogen ethers (80-95 per cent) or esters. 

+ RSOjNHCl 


+ RSOiNHCl 
O 

R 

Dihalides and 0-chlorosulfonamides are by-products of these reactions. 
In the reaction of unsymmetrical olefins with N-bromo-N-alkylsulfona- 
mides the bromine atom takes the same position as in the “normal” 
addition (MarkownikofTs rule) of hydrogen bromide, but with N,N-di- 
bromoamidcs “abnormal” addition occurs. 431 

Alkylation. The salts of sulfonamides or N-alkylsulfonainides are 
alkylated by alkyl halides 442 or alkyl sulfates. 443 

RSOjNH* — ° U > (RSO*NHJ“Na + — X > RSOjNHR' - N *°°> 

[RSO,NR'J~ Na+ RSO.NR', 

This reaction is useful in the synthesis of amines. 344 



,,, r 1 ^ Idi ; Ber " 63, 2257 (I930): L'khoshcnitov el al.. J. Gen. Chem. ( U.S.S.R .). 8. 370 
J* 20 °°- 2012, 2085 G939); Ada Vniv. Voronegxensxa. 9. No. 3 (1937) [C. A. t 
32, 5309 (1938); 34, 43S0. 4381, 3673 (1940); 32. 7018 (193S)). 

331 Khnrnsch and Priestley. J. Am. Chem. Soc.. 61. 3425 (1939). 

331 Hinsberg and Strupler. .4nn., 287. 222 (1895). 

353 Psrhorr and Karo. Ber.. 39.3140 (1906). 

Carothers. Bickford, and Hurwitz. J. Am. Chem. Soc.. 49. 2908 (1927). 
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Reaction with Aldehydes. Either acids 235 or bases" 4 catalyze the 
reaction of sulfonamides and N-alkylsulfonamides with aldehydes. The 
types of products formed may be illustrated with formaldehyde. 

,(RSO,NH)*CH, 

RSOjNH, + CHjO — RSOiNHCHjOH^ 

NRSOiN—CH,)» 

n - 2 or 3 

CH, 

I 

2RSO2NHCH3 + CH ,0 — (RSO*N )aCHi 

A variety of aldehydes have been used in this reaction." 7 Synthetic 
resins may be so obtained." 4 

Sulfonhydrazides. Alkaline hydrolysis of N-acyl sulfonhydrazides 
has been applied to the synthesis of aromatic aldehydes; aliphatic 
aldehydes cannot be prepared by this method. 


ArCNIINH, 

or 

CeHfcSOaNHNH, 


C«!l»SO,CT 


ArCa 


At—C—N H—N HSC«H* 

1 

O 


NarCO, 

HiO* in 
flyrrrol nr 
clbylcuc Rlyrol 


o 

II 

Ar—C—H + N t + CaHftSOjNtt 


N-Alkylsulfonhydrazides give hydrocarbons upon hydrolysis."* 
RSO*NHNHR' + NaOH —* RSOjXa + H*0 + X* + R'H 

Other Reactions. The sulfonamides, sulfonyl chlorides, and thiol- 
sulfonic esters arc the only sulfonic acid derivatives which can be re¬ 
duced. The reduction" 9 of sulfonamides requires hydriodic acid in a 
sealed tube with phosphonium iodide as a catalyst. 


ArSOiNH* + 7111 ArSH + 3I 2 4- NH«I + 2H s O 

m McMostcr, ibid.. 66. 204 (1034). 

m Can. pat. 303,007 [C. A., 24. 6618 (1930)). , ,, 

* n Waller et al.. /Colloid Deihr/te. 40. 1. 29. 45 (19.14) l< . A.. 28. «5l»0 (1JJ4)J; Unis. 
Bull. ,oe. chim., |5) 1. 000 (1034); MncFuyden nnd Slovens. J. Chem. Soc., SS4 (1030); 
Buch.nan and Richardson. J. Am. Che,. &«.. 61. SOI (1939); NalcLon and Gottfried. 
ibid., 63. 487 (1041). 

•“ Arndt nnd Schol*. Ann.. 610. 02 (1934); Coffey. J. Cb.m. S 037 (1020). 

*»• Fincher, lier.. 48. 03 (1015). 
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Sulfonamides react with nitrous acid 340 and diazonium salts. 340, 341 
Sulfonazides are mentioned elsewhere (p. 929). 


Specific Sulfonic Acid Derivatives of Importance 

The formation of isethionic acid, ethionic acid, and carbyl sulfate 
has been discussed in Chapter 3. Methionic acid behaves as an active 
methylene compound. 342 Taurine occurs in combination as taurocholic 
acid in the bile. Sodium iodomethanesulfonate (Abrodil) is opaque to 
x-rays and is therefore useful in x-ray therapy. Saccharin is a sulfoni- 
mide. Compounds of great medicinal importance are sulfanilamide, 
sulfapyridine, sulfathiazole, and sulfapyrimidine (sulfadiazine), which 
are useful as specifics for streptococcic, pneumococcic, and other in¬ 
fections. 343 


IIOCII 2 CHsSO,H 

laclliionic acid 


CH s (SOaH)s 

Mcthionic acid 

ICIIsSOjNa 

Abrodil 


ho 3 soch 2 ch 2 so 3 h 

Ethionic acid 


HsKCHsCHaSO^H 

Taurine 


CH 2 -SOj-O 

I I 

CH t —O—S0 2 

Carbyl aulfato 



NH H 2 N 


N—SOnNHj 


\=/ 


Sulfanilamide 


H»N -SO,NH— 


Sulfapyridine 


ii 2 n 



H;N ~^ 

Sulfnthiaiolo 


S0 2 NH— 
N. 


1 
S'' 


Sulfa pyri mi dino 

3,0 Hinshcrg. Her.. 27. 508 (1894). 

3,1 Key mid L)utt. J. Chcm. Soe., 2035 (192S). 

Bcr - u - 3393 i,oo5,: *•"*“—* 

nlxiut r ' * 7 - J 85 '' 940) - ThU “ comprohcnaive .urvey oI 

of .ho Milfnnilnmidc typo which arc of chomotbcrapcu- 
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X. THIOLSULFONATES • 


General Characteristics 

Thiosulfonic acids are unknown but their salts and alkyl derivatives, 
considered here as esters, may be prepared. The structure of the esters, 
which are also called disulfoxidcs, will be considered after their chemistry 
has been discussed, but in the meantime they will be assumed to have 
the structure A. The structure of the salts will be written as in B. 
This is an arrangement of convenience and is adopted because the diva¬ 
lent sulfur is involved in most of the reactions of the salts. The con¬ 
vention should not be regarded as having any more specific meaning, 
since in the thiosulfonate anion (C) the electronic configurations of the 
divalent sulfur and of oxygen arc similar. 

O 

T 

R—S—S—R R 

i 

O 

A 

The salts are crystalline, water-soluble solids. The lowcr-molccular- 
weight alkyl esters of alkancthiosulfonic acids* 44 arc liquids heavier 
than water, with a very unpleasant odor. They cannot be distilled 
without decomposition but may be steam-distilled. I hose of high 
molecular weight arc odorless solids.* 44 The aryl esters of aromatic 
thiolsulfonic acids 444 • * 14 arc usually crystalline solids. Some of these 
compounds 447 become colored upon exposure to light but become color¬ 
less again upon standing in the dark (phototropy). This phenomenon 
is attributed 447 to the presence of small amounts of disulfides as im¬ 
purities. 

* Tho nomo "thiolsulfonato" is use<1 here in the nomenclature of the esters because of 
tho analogy with thiol esters of carl>oxylic acids (p. 030). Theoretically, other thio (but 


not thiol) sulfonic esters are possible ^R—S—OR ^ Tho structure of the salts (formula C 

above) is such that their designation M thiol or thion derivatives would bo meaningless, 
and tho salts aro therefore named as thiosulfonatcs. 
m Otto. Her., 16. 121 (1HK2). 

m Otto. Ann., 146. 13. 317 (1808); Fromm and Palma. Iter.. 39. 3308 (1900); Hilditch. 
J. Chern. Soc., 97. 1091 (1910). 

u * Boro and Smiles. J. Chern. Soc.. 126. 2369 (1924); GaunUett and Smiles, i bid. 
127. 2740 (1926). 

447 Child aud Smiles, ibid., 2090 (1920). 
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Methods of Preparation 

From Sulfinic Acids. Free sulfinic acids decompose * slowly, giving 
sulfonic acids and thiolsuifonic esters. The decomposition may be 
hastened 444 by heat and aqueous acid and the reaction is used for the 
preparation 445 * 448 G f thiolsuifonic esters. 

3RS0 2 H —- ‘ > RSOjH + RSO 2 SR 

acta 

The sodium salts of thiosulfonic acids may be obtained 449 from the 
reaction of solutions of the sodium salts of sulfinic acids with sulfur. 

RSOjNa + S — RSOjSNa 

The sodium or potassium thiosulfonates give the corresponding esters 
when treated 4441 360 with reactive alkyl halides or alkyl sulfates. 

RSOjSNa + R'X — RSO^R' 

The ammonium salts of sulfinic acids decompose, 451 giving products 
similar to those obtained from the free acids. 

RSOfH 3RSO,NH 4 — RSO a NH 4 + RSOtSR + 2NH, 

This Is also similar to the reaction 452 of phenylhydrazine with sulfinic 
acids. 

3RSO s H + C.H.XHXII, — ■ dd > RSO,NHNHC,H, + RSO,SR 

The silver salts of sulfinic acids, prepared from the reaction of the 
sodium salts with silver nitrate, react 447 - 443 with sulfenyl halides to 
give thiolsuifonic esters. 

RSOjXb -^> RSO-Ag -^> RSOiSR' 

The silver sulfinatcs arc generally not stable in air for long periods of 
time and should be prepared immediately before'use. This method 
appears well suited for the synthesis of unsymmetrical thiol esters, in¬ 
cluding aryl derivatives which cannot be obtained from the sodium 
thiosultonates by the other methods described above. 

* It is reported, however, that pure sulfinic acids may be stored in a desiccator without 
decomposition. (Autenricth. Ann.. 259. 302 (1890).] 

348 Smiles and Gibson, ibi.l., 125. ISO (1924); v. Braun and Weissbuch, Bcr. 63. 2S3U 
(1930). 

30 Trooper nnd Grot he. J. jtrakt. Chcm.. (2| 56. 473 (1S97). 

330 Gibson. J. Chcm. Soc.. 2637 (1931). 

331 Hidasip. J. prakt. Chcm.. (2j 56. 213 (1S94). 

331 Escolas, Iicr., 18. 893 (1SS5). 

333 Gibson. Miller, and Smiles. J. Chcm. Soc.. 127, 1821 (1926). 
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From Sulfonyl Halides. Unsymmetrical .hiolsuUonicesters may also 
be prepared satisfactorily (80-90 per cent) by the reaction of sulfonyl 
iodides with silver mercaptides.* 47 ' 

RSOaNa Kal + RS04 — RSO*SR' 

In the more reactive sulfonyl iodides, -f^rnetS 

Py "' to "'^w + B'SH + C.H.N- - RSOtSR' + C.H.N HC 

RSOaCl + NajS - Nad + RSO.Na + S - USO s 8Na 

From Disulfides. Cautious oxidation of disulfides with hydrogen 
peroxide at'room temperature produees thio.su.fonic esten,~ 


R-S-S-R 


1I ’ < X_> RSOjSR 

Afrlic wid 


fonic esters l>y water or silver nitrate. ^ 

U_s—S—R + lira — (RS Br,)a -* RSO-SR 

ZfiiSX .a E riU H. «. r.. 

42, .»Hin.ta’r« Her., 41. CH30 (190S,: II. f. *2. l->78 .1909,; Kolha.kur ,..d Bokit. J 

Mian Cl.cn.- .sX. 7. MS .1030 )£■ ■ •*-«“• -'f W 9 * 1 "- 
»» Fromm. X. angete. them., 24. 11-5 (1011). 
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Other Methods. The hydrolysis of sulfenyl chlorides or sulfenic 
esters (p. 921) gives thioLsulfonic esters, but the reaction is not suited 
for preparative work because half of the product is a disulfide, which is 
difficult to separate from the thioLsulfonic ester. Oxidation of mercap- 
tans by nitric acid was the earliest method 358 for the preparation of 
these compounds. Thiolsulfonic esters are among the products of 
electrolytic oxidation 359 of sulfides, disulfides, and sulfoxides. Retene- 
sulfonyl chloride gives the thiol ester 360 by treatment with zinc dust in 
benzene. Thiolsulfonic esters are among the products obtained by (1) 
the reaction of the salt of a thiolsulfonic acid with ethyl chlorocarbo- 
nate, 361 (2) hydrolysis of sulfonyl iodides, 3 * 2 and (3) treatment of m-nitro- 
benzenesulfonyl chloride with aluminum chloride in carbon disulfide. 363 


Reactions 

In most of their reactions, thiolsulfonic esters are thioalkylating 
agents. The cleavage of both alkyl thiolsulfonates and aryl thiolsulfo- 
nates, therefore, is comparable to that of aryl esters of sulfonic acids. 


O 

T 

It—S-O—Alkyl 
O 


O 

I 

R—S—O—Ar 

l\ 

O 


o 
T i 

R—S—S—Alkyl 

1! 

O 


O 

T j 

R—S--S—Ar 

i i 
o 


With Sulfhydryl Compounds. Sulfhydryl compounds, 384 sodium or 
potassium mercaptides, 366 or zinc mcrcaptides 364 react with thiolsulfonic 
esters to give disulfides. 

O 

RS—SR' + R'SH --- *°“ > RSOsK + R'SSR' + H 2 0 

I in ether 

i at O’ 

o 


Tin* reaction is probably responsible for the difficulties already noted in 
the preparation of thiolsulfonic esters from reactions using mcrcaptons 
or mcrcaptides. 


“* Mareker, Ann.. 136. 83 (18G5). 

34 * loch ter and Sjostedt. Her.. 43. 3433 (1910); Fichter and Wcnk. Bcr., 46. 1373 (1912) 
310 Ila.M.iolstrom ami Bogcrt. J. Am. Chem. Soe.. 57. 1579 (1935). 

; *' Otto and Rossing. Bcr.. 24. 1147 (1S91). 

343 Otto and Trogcr. Bcr., 24. 478 (1S91). 

:c> I.iinprirht. Ann.. 278. 239 (1S95). 

" 4 P»uly and Otto. Bcr.. 10. 2181 (1S77). 

w Gilman. Smith, and Parker. J. Am. Chem. Soc.. 47. S51 (1925). 
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„ . nlvsis Treatment of thiolsulfonic esters with dilute aqueous 
’!“»£“£ ,„d WH. Sulfenic add, W b. 

mediate products (<*/• p. 921). 

3RS0jSR + 4NaOH - RSSR + 4RSO,Na + 2H,0 

:S£S££33£SS33 

react with thiolsulfonic esters. 3 * 

RSO 2 SR + R'MgX — RSO,MgX + R'SR 


RSOtSR 



-- 

Zn 


Zn + MCI 

----> 


i»*s 


RSO*H + RSH 
> RSOtH + RSH + S 


The nation of 

£ he due to the rear,ion of the saU of 

the sulfinic acid with sulfur. 

RSOjSR + KjS - RSK + RSOiK + S - RSO s SK 

In the presence of potassium cyanide,- the thiosulfonate is not formed. 

RSOiSR + K,S + KCN - RSK + RSO,K + KCNS 
„ , . lv i.i,.h have been reported to reduce thiolsulfonic esters 

are hydrXomic and hyd. iodic acids - and sodium a.senite.- 

Zi n o“Jo P Tnn.‘»L 0 r(. 0 B 12 r i': "n n '°40o! >«>«' .. 

ond Erfurt, Hef-355. 974(1025). 

Z £&«££■££ “ ndou °- »• - 8 *»* < 1877 > ; oito nnd 

B "». i, o',±d ( n.. «... *0. ,000 (1887): Smylbc and Fora.cr, 7. CAcn. Sac.. 97. , .09 
<10 mOtto and UosttiiiK. B*r„ 19. 3129 (1886). 

i.» c™.*. — 
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Oxidation. Oxidation of thiolsulfonic esters by permanganate in gla¬ 
cial acetic acid 344 gives sulfonic acids. a-Disulfones 366 are formed when 
hydrogen peroxide in acetic anhydride is used as an oxidizing agent. 


RSOtSR 


KMnO« 


H*Oj 


2RSO3H 


o o 
T T 

-> RS—SR 

1 l 
o o 


With Active Methylene Compounds. The sodium derivatives of 
some enols undergo thioalkylation 373 * 374 by the action of thiolsulfonic 
esters. The reaction may be illustrated with aeetylacetone. 


O—Na 

RSO 2 SR + CH 3 C—CHCOCH, — RSO*Na + CH 3 COCHCOCH 3 

SR 


A second thioalkyl group may be introduced. A variety of active methy¬ 
lene compounds, including disulfonylmethanes, have been subjected to 
this reaction. In some cases the reaction gives disulfides, 318 as would be 
expected from the action of alkaline reagents upon thiolsulfonic esters. 
In these cases sodium carbonate or sodium acetate may be active enough 
to bring about reaction between the active methylene compound and 
the thiol esters. This reaction has been useful for the synthesis of many 
compounds 3,4 which cannot be obtained by other methods. 

With Phenols. The salts of simple phenols cause formation of di¬ 
sulfides from thiolsulfonic esters, in accord with the usual behavior of 
alkaline reagents. However, the dihydroxy and trihydroxy benzenes, 
naphthols, and hydroxyquinolines undergo thioalkylation, giving sul¬ 
fides. 373 - 376 


OH 


HO 



OH 


—OH 


+ 3 RSO 2 SR 



+ 3 RSO 2 H 


urooKvr nnu smiles, J . c 'hem. Soc.. 1723 (1920). 

W4 Olivers and Smiles, ibid.. 097 (1928): Gibson, ibid.. 2037 (1931); ibid.. 1819 (1932) 
Cowic and Gibson, ibid.. 300 (1933); 40 (1934); Gibson and Loudon, ibid.. 487 (1937) 
Gibson. J. Am. Chcm. Soc.. 65. 2011 (1933); Gibson. J. Chem. Soe.. 983 (193S). 
m Stevenson and Smiles. J. Chcm. Soc.. 718 (1931). 
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Sulfonyl Interchange. Thiolsulfonates react with salts ofsulhnio 
acids with an interchange of sulfonyl groups.” As shown J 

reaction does not always occur but depends upon the relam e reactivities 

of the compounds involved. 

NO, NO, Cl 


SO,Na 





NO, 

I 


NO, 

I 


+ {yyy~~ s ° ,N| 



SO,Na — No reaction 


NO, 


VO 




Cl Cl 

SO*S —/ \ + / SO,Na 

k lx 


aNo a bc riarde.1 as oxidation products of polysulfidcs, which they re¬ 
semble in their case of inlerconversion. 

RSOiSNa + U — RSO>SSOjR + RSOASOtR + USOASOiR 


II 


n wrt .m»in- r J + u, 

mcctic ucid 


m I.oudoii and Livingston. ibid.. 890 UV35). 
tn otto and Trogcr. Brr., 24. 1125 (1891). 


It 


III 

C) S O 

T t t 

-S—S—S- 

1 1 i 
o s o 
IV 


-K 
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Although recent work is lacking on the structure of these products, 
comparison with the polysulfides (p. 864) suggests a linear arrangement 
in III of three sulfur atoms with all three completely coordinated 
(IV). 

The nature of the action of phosphorus trichloride 545 with thiolsul- 
fonic esters has not been completely established. The condensations 
brought about by treatment with concentrated sulfuric acid 378 and the 
products obtained by thermal decomposition, 579 with and without acetic 
anhydride, have been investigated in detail. 

Structure of Thiolsulfonic Esters 

The foregoing discussion assumed the structure of the members of 
this series to be that of thiolsulfonic esters. They have also been regarded 
as mixed anhydrides (I) 575 and as symmetrical disulfoxides (II). 

O O O 

T T T 

R—S—O—S—R R—S—S—R 

i ii 


Measurements of the optical rotatory power of unsymmetrical disulf- 
oxidcs derived from camphor (Cam—S 2 0 2 —It) are interpreted as 
showing that when the two groups arc different the thiolsulfonatc struc¬ 
ture is correct (Cam—S0 2 SCH 3 ) but that when they arc similar the 
disulfoxidc structure is correct (Cam—SO—SO—Cam). Results with 
the derivative from cystine 580 (p. 1132) are also interpreted on the basis 
of the disulfoxidc structure. 

The usual reactions of tins series can best be explained on the basis 
of the thiolsulfonic ester structure. Space does not permit a detailed 
discussion of the pertinent data, but a few points are worthy of men¬ 
tion. Isomeric products may be obtained 557 by the reaction of the ap¬ 
propriate sulfenyl chlorides with silver sulfinates. 



3T * Ilililitrh. ./. Chtm. S'*.. 99. 1091 (1911). 

,7, Sn»ylh.\ il'iil., 121. 1400 (19_-J). 

Tocnnics and Lavinc. J. Biol. Chcm., 113, 571. 5S3 (1936). 
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T 

fonyl chlorides and iodides, in which the structure R-S-X is un¬ 
questioned. 


O 


XI. SULFINIC ACIDS AND THEIR DERIVATIVES 

General Characteristics 

There arc relatively few references to aliphatic sulfinic acids.t and 
some of the fairly simple members of the senes are unknown. The 
aliohatic sulfinic acids are thick oils which decompose rapidly and arc 
geSly isolated as r.ine, barium, or other salts. The aromatic sulfinic 
acids though apparently more stable than the aliphatic, decompose 
upon'long standing (p. 906) and are slowly oxidised to sulfonic acids when 
I ♦ ,» oir Thcv arc weaker acids than the corresponding sulfonic 

-rh.— Mr 

usually be obtained by acidifying a<|U<-ous solutions of their salts. 

. I tvould Ik* (I) that tlic two products arc diaatcrcoi-omcrs 

• The only other 4 „>. « *** 

resulting fron. two • * thu , they also reart differently. While those condi- 

|,y carh method of ■*" ^ ^ M ,. m8 Mll ,ikely that they could bo true quant,ta- 

t.o.,8 nwn \J n of representatives of the series known. The behavior of the 

tively in tl, is ia aJJitional evidence against these assumptions. 

^Xic acids and the radical- derived Con. them are named analogously to 
SSLU f-tnoto on p. M>. Thus: ethunesulhme ac.d; 

r „ l QCiHi ethyl ethnnesulfmate; CII,-S-C1I,COOH. methyUulfmylaeetic arid. 
G,H ‘ , |k- interpreted with caution wlien they are fot.nd in the early literature 

because of the custom of naming sulfonium coa»|M.und. a* eulfiiie* (sec hjotnote on Mr.) 
Furthermore, some compound* reported to be sulfinic ester- are actually sulfone*. 
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more soluble members of the series may be isolated as their salts; 881 the 
ferric salts are especially satisfactory for this purpose and have been 
used for the quantitative determination of sulfinic acids. 

In the older literature 382 the structure of the sulfinic acids was a sub¬ 
ject of controversy. Some of the reactions mentioned below indicate 
the presence of an —OH group; others can best be explained by assum¬ 
ing that the hydrogen is attached to sulfur. From the viewpoint of 
modern theories of structure, no question of this sort need be raised. 
Considering the sulfinate anion, both oxygen and sulfur have unshared 
electron pairs and either atom may be involved in reactions. 


• • 

: 0 : 

R: S:0 


H + 


O 

T 

The esters have the alkyl group attached to oxygen (RS—OH), as is 
shown by their resolution (p. 421). 


Methods of Preparation 

From Sulfonyl Chlorides. Reduction of sulfonyl chlorides by zinc 
dust in water gives zinc sulfinates, from which sodium sulfinates or free 
sulfinic acids may be obtained. 


N»*COj 


2RS0 2 C1 + 2Zn —► ZnCI* + (RS0 2 ) 2 Zn-J 


IIX 


-> ZnCO, + RSOiNa 
-> ZnX 2 + RS0 2 H 


It has already been mentioned that sulfhydryl compounds may be ob¬ 
tained from reduction of sulfonyl chlorides by zinc and acids; this is a 
side reaction in the preparation of sulfinates, but good yields of sulfinates 
arc usually obtained. 383 This method has been widely used in the aroma¬ 
tic series. It is apparently satisfactory for aliphatic compounds, but 
aliphatic sulfonyl chlorides have not been readily obtainable until re¬ 
cently (p. 889). 

Of the other reducing agents used, sodium sulfite is probably the 
most satisfactory. 384 

ArSOiCI + NasSOj + 2NaOH — ArSOjNa + NaCl + NasSCh + H 2 0 

Wl Thomas, J. Cheiu. Sue.. 95. 342 (1909); Krishna and Singh. J. .4 mi. Chttn. Sue., 60, 
7ii2 (1928); Men w sen and Gcbhnrdt. Bcr., 70. 792 (1937). 

For example, Otto and Bussing, Ber., 26 . 230 (1892). 

*** Hobson. Ann.. 102. 73 (1S57); Ann.. 106. 2S7 (1858); Whitmore uud Hamilton, 
Org. Syntheses, Coll. Vol. I. p. 479 (1932). 

454 Smiles und Bere, Org. Synlhtses. Coll. Vol. I. p. 7 (1932). 
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In the section dealing with thiolsulfonic esters, reactions were noted in 
which sulfonyl halides were reduced to sulfinic acids (e.g., the reaction 
of sulfonyl chlorides with mercaptans (p. 907)). Some of the reactions 
of aryl esters of sulfonic acids gave similar results (p. 89o). These are 
not important from a preparative standpoint, however 

From Diazonium Salts. A sulfinic acid is formed *“ when an 
acidic solution of a diazonium salt is saturated with sulfur dioxide, using 
copper powder as a catalyst. 

ArNVSO.H” + 2SO, + 2H,0 —> ArSOjH + Nj + 2HjSO« 


The yields arc in some cases very good but appear to vary considerably 

with the structure of the diazonium compound. 

Bv the Friedel-Crafts Reaction. Aluminum chlonde catalyzes the 
reaction of aromatic compounds with sulfur dioxide to give sulfinic 
acids. 3 "’ - 


ArH + SO, 


ArSO,H 


From OrganometalUc Compounds. Aliphatic, as well as aromatic, 
sulfinic acids may be prepared ’«•» by the reaction of the Gr.gnard 
reagent with sulfur dioxide. The yields are generally rather low. 


-O 


RMgX 


+ S N> 


RSOjMgX 


Zinc alkyls behave similarly.’" Tetraethyllead gives a sulfone and sul- 
finatc. w () 

(CiH^Pb + 3S0 2 —* C»H*—S—C*H» + (CiHiSOa^Pb 

O 


*** Gnllvrmuim Her.. 32. 1130 (1800); Gcr. pat. 130.119 [Chen. Ztnlr.. 1. 950 (100J)|; 
... , G I H IU. J irrakt thru,.. I2| €0. ’297 (1903); ibid.. |2) 71. 207 (1905); l odd and 
lOZ'r'j Am ctJ.. .Sue.. 66. 13»’-> U0:l4, ; . ■>■■■!.. 67. 2100 ,19S6): Sylvo.lor amt 

to) 14. 442 (1SS8): Smiles ami 

/ Chi m Sue 93 7*15 (1903); Knoovcnund and Kenner. Her.. 41. 3315 (1008). 

» K ••Alun.in, u n.. h.° r id in dcr or«.ni-chcn Chcnic. ' Vcrlu* Cbcniie. G.M. 

B.H., Berlin (1932). 2nd Kdn. 

»• Roncnheiin and Singer. Her., 37. 2162 (1904). 

M » Zuckn. hwerdt. Her.. 7. 292 (1874); 1 runklnml and l-uwr.-ncc.. J.Lhtm. .Sue.. 36. .44 


(1879). 
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Sulfuryl chloride reacts with the Grignard reagent,” 0 producing equiva¬ 
lent amounts of alkyl chloride and the sulfinic acid. 

2RMgCl + S0 2 C1 2 -► RSOtMgCl + RC1 + MgCl* 

Alkyl chlorosulfites 301 react with the Grignard reagent to give alkyl 
esters of sulfinic acids (20-60 per cent). 

0 O 

T T 

RMgCl + Cl—S—OR — R—S—OR + MgCl* 

The formation of sulfinic acids from the reactions of organometallic 
compounds with sulfonyl chlorides and with thiolsulfonic esters has 
already been discussed (pp. 899, 909). These are not generally used as 
preparative methods. 

From Ethylene Disulfones. The cleavage of ethylene disulfones by 
potassium cyanide (p. 883) is an excellent method for the preparation 
of aliphatic sulfinates. 

2RSNa ■ BrCH g“ i B - r -- > RSCII 2 CH 2 SR RS0 2 CH 2 CH 2 S0 2 R 

| KCN 

2RS0 2 K + CNCH 2 CH 2 CN 

Although the same sequence of reactions can be used to obtain aromatic 
sulfinates, these arc usually more readily available by other methods, 
and this synthesis is important for the aliphatic series only. 

Other Methods. Sodium ethanesulfinate has been obtained 392 by 
the action of dry oxygen at 100-120° upon sodium ethylmercaptide, but 
the sulfinic acids are so readily oxidized that the oxidation of mercap- 
tans is not a suitable method of preparation. 

Formation of Acid Derivatives. It has been shown (p. 874) that the 
reactions of salts of sulfinic acids with alkyl halides give sulfones, not 
sulfinic esters. The esters * arc formed, 393 however, by the action of 
ethyl chlorocarbonate on the salts. 

O 

t 

RS0 2 Na + CICOOC-IIfc —* It—S—OC 2 II& ■+■ C0 2 -f- NaCl 

,9 ° Oddo, ehim. ital., 35. II, I3G (1905); Rniford nnd Hazlett, J. Am. Chcm. Soc., 

57. 2172 (1935). 

391 Carre nnd I.iebermann. Com pi. rcrul.. 200. 20S6 (1935); Hull. soc. chim., (5) 2, 1700 
(1935). 

m Clnosson. J. prakt. Chcm., [2] 15. 222 (1S77). 

* Although isomeric. the sulfonos and sulfinic esters dilTcr considerably in their prop¬ 
erties. For example, diethyl sulfone melts nt 70° and boils at 24S® while ethyl ethane- 
■ulfinatc is a liquid, b.p. GO® (16 mm.) 

3,3 Otto and Rossing. J. prakt. Chcm., (2| 47, 152 tlS93). 
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Esters are readily obtained »" by the reaction of sulfinyl chlorides with 
alcohols in the presence of pyridine or potassium carbonate. 

° T 

R_S—Cl + R'OH + C»H»N — R-S-OR' + C*H»N HC1 

The sulfinyl chlorides are best prepared - by the reaction of the sulfinic 
acids with thionyl chloride in dry ether. 

O 

RSOiH + SOClj — R—S—Cl + SOs + HCI 

Anhydrides are formed - by the action of phosphorus pentachloride, 
phosgene, or acetic acid-sulfuric acid on sulfinic acids. 

o o 

RSOjH + PCU — RS—O—SR + POC1, + 2HCI 
Sulfinamides may be prepared from the usual reaction of the acid 
chlorides with ammonia or amines. 397 

Reactions 

Oxidation. Sulfinic acids are readily oxidized. They give sulfonic 

acids when treated with nitric acid,”' hydrogen pe.ox.ao, °! 
sium permanganate.™ With permanganate in glacial acetic acid, 

a-disulfones arc also formed (p. 884). 

iino. 


RS0 2 H 


KMnO, 

ta ciucoou 


rso 3 h 


RSOall + R* 


O O 

T T 
-s—s 


it 


l 1 
o o 


Sulfonyl halides are produced - by the action of chlorine, bromine, 
or iodine (p. 907) on the salts of sulfinic acids. 

RSOjNa + X 2 —* USOaX + NaX 

«« Phillip-. J. Chew. Sec.. 

Ki. 3315. 33,3 (1908,; Otto. 30. 3337 

<18 mHcidu-chka. J. prakt. Chen,.. l,|81. 3,0 <1910,; Hu.lett and Uaiford. Proc Iowa 
Aoul. Sex.. 42. 120 <1935, [C. A.. 30 . 8185 < 1930,1. 
m Otto and Oftrop. Ann., 141. 370 <1807). 

**» Sc© Ilann, Hef. 385. 

«oo Otto. Ann.. 146 . 322 <18«»,. 
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The reaction of salts of sulfinic acids with “positive” halogen compounds 
also gives sulfonyl halides (p. 875), but under the conditions of the reac¬ 
tions the latter are usually converted to either sulfonic acids or disulfones. 

With Diazonium Salts. Sulfinic acids react with diazonium salts,* 01 
giving diazosulfones which may be decomposed to sulfones by heating. 

[AtN 2 ] + X- + RSOiH -> ArN=NS0 2 R ArSO*R + N* 

With Aldehydes. Crystalline addition products are obtained from 
the reaction 402 • 403 of aldehydes with sulfinic acids. The products from 
aliphatic aldehydes are somewhat dissociated in solution but those from 
aromatic aldehydes are more stable. 

O OH O 

II I T 

R—C—H + RSOiH -> R—CH—S—R 

1 

O 


With a,p-Unsaturated Ketones, Acids, etc. Sulfinic acids add, pre¬ 
sumably by 1,4-addition, to conjugated systems such as chal cones, 403 
cinnamic acid, 403 and quinones. 404 


OH 
I 


C*H,CH=CHc!;C.H* + RSO,H — CiHiCH—CH-=CC*H* 

io,R 




CH=CH 

V 


CH=C 




0=0 + RSO*H 


o-c/ 


CH=CH 

\ 


C—OH 




CH 
I 

SO f R 


O 

C*H*CHCHiCC*H» 

io,R 



SO,R 


Replacement by Metals. The reaction of aromatic sulfinic acids 
with mercuric chloride (or acetate) results in the elimination of the 
—S0 2 H group. 405 This has been especially useful for obtaining aromatic 
mercurials of known orientation. 


ArSO*H + HgClf — ArHgCl + SO* + HC1 

401 Kanins. Dvr., 10. 1531 (1877); Bauer, Ann., 229. 353 (1885); Limpricht. Ber.. 18. 
1408n (1885); v. Moyer, J. prakt. Chem., (2) 56. 272 (1897); Hantzscli, Bvr., 31. 030 (1898); 
Trocger and Ewers, J. irrakt. Chem., [2] 62, 309 (1900). 

403 v. Meyer, J. prakt. Chem., [2] 63. 107 (1901). 

403 Kohler and Reiinor, Am. Chem. J., 31. 103 (1904). 

404 Hinsberg. Ber., 27, 3259 (1S94); Ber., 28. 1315 (1895); Hinsbcrg and Hiramelsohein, 
Ber., 29. 2024 (1890). 

405 Peters. Ber., 38. 2507 (1905); Kharasch and Chalklcy. J. Am. Chem. Soe., 43 . 011 
(1921); Whitmoro, Hamilton, and Thurman, ibid., 45 . 1000 (1923); Coffey, J. Chem. Soc* 
637 (1926). 
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Camphor-10-sulfinic acid gives a similar reaction with arsenic tri- 

i t • i 

C ° n 6 RSOjH + AsClj —> RAsCls + S0 2 + HC1 

Other Reactions. Sulfonyl interchange from the reaction of salts of 
sulfinic acids with thiolsulfonic esters and with certain sulfones has 
already been mentioned (pp. 911, 879). a-Disulfones are formed (p. 884) 
by the reaction of the salts with sulfonyl chlorides. The sulfinic acids 
are especially useful in preparing sulfones (p. 874). The disproportiona¬ 
tion of free sulfinic acids (p. 906) to give sulfonic acids and thiolsulfonic 
esters and the reaction of the acids with phenylhydrazine (p. 906) have 
been noted. Sulfinic acids also react with hydroxylamine, 401 with ni¬ 
trous acid, 408 and with nitroso compounds. 40 ’ 

Important Sulfinic Acids 

The reaction of zinc dithionite (zinc hyposulfite) with formaldehyde, 
followed by treatment with sodium carbonate, gives sodium formal- 
dehydcsulfoxylate (also called “Rongalitc C,” "Sulfoxite C, and For- 
mopon"). The last is used as a reducing agent in 'at dyeing and as a 
reagent for the introduction (upon nitrogen) of the —CH,S0 2 Na group. 
Since that is a solubilizing group and is readily split off in the body, 
many mcdicinals are administered as their sulfoxyUtcdcnvat.ves; for 
example, neosalva.san (neoarsphcnam.no , which is used in the treatment 
of syphilis, is much mom soluble than salvarsan. 


HO 


ZnS20« 

NH, 


CII*0 


■> (IIOCHjSOahZn 
NHt 


NujCOi 


> HOCHtSOjNa 


Sodium 

ForrnuldcbydMulfoK>l»t® 



As 



/ >\ HOClljSOiNa 

VOH-> 


Sulvurann 


NH, 

HO—^ A s—=A s 

Neo**lvaraat 

Loudon. J. Chetn. Sue.. 301 (1937). 

«•» Wliulcn and Jonc*. J. Am. t hem. Sue.. 47. 1363 (1026). 
««• Koenig*. Her., 11. 016 (1878). 

Bumbergcr und Rising. Her.. 34. •J‘28. '241 (1901). 



NHCHjSOjNo 
OH 
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XH. DERIVATIVES OF SULFENIC ACIDS 
General Characteristics 

Reactions from which sulfenic acids (R—S—OH) might be expected 
generally produce disulfides and thiolsulfonic esters.* However, the cor¬ 
responding acid chlorides (R—S—Cl), amides (R—S—NH 2 ), esters 
(R—S—-OR), and anhydrides (R—S—O—S—R) are known. Since sul- 
fenyl halides are generally precursors of the others, it is convenient to 
study the entire class of derivatives of sulfenic acids by considering the 
methods of preparation and reactions of the halides. 

The members of this series, as will be shown below, are more readily 
hydrolyzed than derivatives of sulfonic acids or sulfinic acids. The 
sulfcnyl chlorides are extremely reactive. Only three aliphatic sulfenyl 
halides (C1 3 CSX, (C 6 H 5 ) 3 CSX, and (CH 3 ) 3 CSX) are known; 150 none of 
these has hydrogen on the carbon atom which is attached to sulfur. 
The simple aromatic sulfenyl halides (CftHjSCl, CH 3 CoH 4 SC1, etc.) re¬ 
act with moisture of the air and decompose rapidly; they are usually 
prepared immediately before use. Others (such as p-chloro-o-nitro- 
phenylsulfenyl chloride) arc more stable and may be stored for some 
time before appreciable decomposition occurs. 

Preparation of Sulfenyl Halides 

From Disulfides. Sulfcnyl chlorides l4# and bromides 160 are prob¬ 
ably most conveniently prepared by treatment of the disulfide with 
halogen under anhydrous conditions at low temperatures. 

Ar—S—S—Ar + X* -> 2ArSX 

Aliphatic disulfides undergo chain halogcnation 140 in preference to 
cleavage of the disulfide link; C1 3 CSC1 and (CgH 5) 3 CSC1 are the only 
aliphatic sulfcnyl chlorides which have been prepared by this method. 
Even tertiary butyl disulfide undergoes chain halogcnation under these 
conditions. 

From Mercaptans. Under anhydrous conditions thiophcnols react 4,0 
with chlorine or bromine to give sulfcn 3 'l halides. In view of the ease 
of formation of disulfides from sulfhydryl compounds (p. 851), the 
former may be intermediates in this reaction. 

2ArSH — > ArSSAr —> 2ArSCl 

• Apparently the only known acid of this scries is a-anthrnquinoncsulfenic acid: Fries 
Her.. 46, 2965 (1912); Fries and Sehurmann. Her.. 62 , >182 (1919). 

410 Zinekc, Her.. 44. 709 (1911). 
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Although the usual product from the reaction of a mercaptide with iodine 
is a disulfide (p. 861), the mercury salt of tertiary butyl mercaptan gives 
a sulfenyl iodide. 411 

((CHj)iCS)tHg + I. 2(CHj)»CSI + Hgl, 

Sulfenyl thiocyanates, which may be prepared by the reaction of 
thiocyanogen 412 with mercaptans, react similarly*- to the chlorides. 
Both aliphatic and aromatic sulfenyl thiocyanates have been prepared. 

(SCN), 


RSH 


RSSCN + HSCN 


Reactions 

Hydrolysis. Sulfcnic anhydrides may be obtained **’•*'* as initial 
products of the hydrolysis of sulfenyl chlorides. If the reaction is earned 
to completion in the presence of excess alkali the anhydndes “* C ™' 
verted to disulfides and thiolsulfomc esters; the latter (cf. p. 909) are 
finally converted to disulfides and sulfimc acids. It is probable that 
sulfonic acids are intermediates in the hydrolysis both of sulfenyl chlo- 
rides and of thiolsulfonic esters. 


ArSCl 


11011 


4Ar—S—OH 



3ArSCl + 4NaOII 


ArSCl 
NaOll 

o 

4 ArS-SAr + ArSSAr + 2H.O 

1 

O 


ArSOjNa + Ar—S—OH 


-> ArSOjNa + ArSSAr + 3NaCl + 2HjO 


The decomposition of sulfenyl chlorides in moist air or in boiling acetic 
acid «• gives disulfides and thiolsulfonic esters. 

O 

4ArSC l Ar-S-SR + ArSSAr + 4HC1 

O 

4.1 nK.inho1.lt lirv. broMil. chim. Sao Paulo. 4. 109 (1937) [C. A., 33. 484 (1938)). 

«.s L^che^ndWittwer. Ber.. 60. 1474 (1922); I-cchcr and Simon. Per.. 64. 032 (1921) 
«'• Zincko and Kiamayer. Ber., 61. 761 (1918). 
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The hydrolysis of sulfenic esters gives analogous results; by alkaline 
hydrolysis in aqueous solution 412 disulfides and sulfinic acids are formed; 
acetic acid 414 produces disulfides and thiolsulfonic esters. 

With Alcohols and Phenols. Sulfenyl chlorides react with alco¬ 
hols 347 at room temperature to give disulfides and thiolsulfonic esters; 
at higher temperatures disulfides and sulfinic acids are produced. With 
phenols, nuclear substitution occurs. 418 

ArSCl + C*H*OH -► ArSC 6 H 4 OH 

Sodium alkoxides 411 and phenoxides 418 may react with sulfenyl 
chlorides or sulfenyl thiocyanates 4,2 to produce sulfenyl esters. 

ArSCl + NaOAr -> NaCl + Ar—S—OAr 
RSSCN + NaOR -> R— S —OR + NaSCN 

It may be noted that the reaction of alkyl hypochlorites with mercap- 
tides does not give sulfenic esters; disulfides are produced. 

2RSNa + R'OCl -> RSSR + R'ONa + NaCl 

Formation of Sulfenamides. Sulfenyl halides react with ammonia, 41 * 
primary amines, and secondary amines 4I7, 4,8 to give sulfenamides. 

ArSCl + 2R,NH -> ArSNR* + RaNH HCl 

When the reaction is carried out in ether the hydrochloride of the sulfon¬ 
amide is obtained. The hydrochlorides and the free sulfenamides have 
been used 417 as solid derivatives of amines. The original amine is readily 
recovered 4,7 from the amide. 

HCI 

ArSNR* -> ArSCl + RjNH HCl 

In ether (OS-OOCi) 

Sul fen anil ides undergo rearrangement 4,8 to sulfides when heated. If 
alcoholic alkali is used the rearrangement gives a diaryl amine. 



4,4 Fries and SchUrtnann. Bcr., 62. 21S2 (1919). 

m Foss * Stchle. Shusctt. and Hadburg. J. Am. Chem. Soe.. 60. 2729 (1938) 
4,4 Lcnrmouth and Smiles. J. Chcm. Soc.. 327 (1936). 

417 BiUman and O’Mahoney. J. Am. Chem. Soc.. 61. 2340 (1939). 

4,4 Moore and Johnson, ibid., 67. 1517 (1935); ibid.. 68. 1091. 1960 (1936). 
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With Active Methylene Compounds. Good yields of substitution 
products may sometimes be obtained by the reaction of sulfenyl chlo¬ 
rides with active methylene compounds. 4 '*’ 419 

00 ° ° 
CHjCCHjCOCjHs + ArSCl - HC1 + CHjCCHCOC-Hj 

SAr 

The reaction does not always proceed smoothly; sometimes disulfides 
or tare are formed. However, acetophenone and acetone, which are 
generally considered to be rather unreactive methylene compounds re¬ 
act satisfactorily. The same product is formed from the copper salt of 

acetoacetic ester 4,9 as from the ester. 

Other Reactions. Sulfenyl halides appear to be able to add to th, 
olefmic double bond (p. 856). Disulfides are formed by the reacUonso 
sulfenyl halides with metals, 4 " sulfhydryl compounds, 4 " or potassium 
hydrosulfide.' 




H* 


ArSCl — 


-> ArSSAr 


1«SH 


-> ArSSH 


-—> ArSSH A,SC ' 


ArSSAr + HCl + S 
Thiocyanates are formed 4 " by the action of potassium cyanide. 

ArSCl + KCN — KCI + ArSCN 

The use of sulfenyl halides in the synthesis of thiolsulfonic esters has 
ulready been discussed (|>. 000). 


XIII. THIOALDEHYDES AND THIOKETONES* 

General Characteristics 

One of the most outstanding differences lie tween carbonyl compounds 
and their thio analogs is tin- tendency of the tl.io compounds to undergo 
polymerization. Thioketones, in contrast to ketones, readily form 
dimers 4 " and cyclic trimes; the isolation of mono..,ere ts often difficult. 
The thioaldchydcs polymerize still more readily than the tlnoketones, 

-». 

(1035)). 
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monomeric thioformaldehyde and thioacetaldehyde have not been ob¬ 
tained except (possibly) in solution. The compounds (e.g., 9-thio- 
phenanthraldehyde 422 ) of high molecular weight may be obtained as 
monomers. 

Although the /C=0 group is not a chromophore unless it is con¬ 
jugated with another unsaturated group, the unconjugated /C=S group 
is a potent chromophore. The monomeric thioaldehydes and thioke- 
tones arc blue, their polymers colorless. 

The monomeric thioaldehydes and thioketones of low molecular 
weight have very disagreeable odors.* 

Thioacetals have been discussed earlier (p. 849). 


Preparation 


Aldehydes and Ketones with Hydrogen Sulfide. Aldehydes react 
with hydrogen sulfide in the absence of a catalyst, 423 but results are 
generally more satisfactory if acid or zinc chloride is used. These 
catalysts are necessary 423 for the reaction of ketones with hydrogen 
sulfide. Aliphatic 423 and aromatic 424 aldehydes, dialkyl ketones, 423 , 423 
aryl alkyl ketones, 423 and diaryl ketones 426 all undergo this reaction. 



Sodium thiosulfate may be used in place of hydrogen sulfide in this re¬ 
action. 427 Both the cis and trans forms of trithioaldehydes (three hydro¬ 
gens on tin- >ame side of the plane of the ring or two hydrogens and an 
alkyl group on the same side) may be isolated. 421, 428 The lower-melting 


4 ” Wood and Dost. J. Am. Chcm. Soc., 69. 1721 (1937). 

* Thioisobutyraldehyde (Pfeiffer. Bcr., 6. 01*9 (1S72)J is said to have an “nbominnblo 
alliaceous odor” and thioisovalernldchyde (Schrocder. Iter., 4. 400 (1S71)J to have an 
•‘offensive and persistent odor." Monomeric thioacetone (Fromm and Baumann, Bcr., 
22. 1035 (1SS9;) "has un offensive nauseating odor, much worse than that of other volatile 
sulfur compounds"; its preparation "caused di>turlmnccs in the neighboring streets in 
Freiburg and precipitated n storm of protests" and "extremely minute amounts make 
mi.lions of cubic meters of air repulsive." 

4,4 Baumann ami Fromm. Brr., 28. S95 (1S95). 

4,4 Baumann and Fromm. Brr., 24. 1421. 3591 (1S91). 

451 Fromm and Baumann. Brr.. 22. 1035. 2595 (1SS9); Peters. Brr.. 40. 1480 (1907). 

4,4 Bust and Cosby. J. Am. Chcm. Soc.. 67, 140-1 (1935). 

42T Vanino, J. j*akt. Chcm.. 77. 3G7 (190S); Brr.. 35. 3251 (1902). 

* 7a Fromm. Brr.. 32. 2G50 (1S99); Midler and Schiller. J. prakl. Chcm., 116, 175 (1927); 
Fromm and Soffner. Bcr., 57. 371 (1924); Fromm and Schultis, Bcr., 66. 937 (1923). 
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form is converted to the higher-melting isomer by small amounts of 
iodides. 429 

The reaction of formaldehyde with hydrogen sulfide has been 
studied «“• 430 by a number of investigators. Methylation of the reaction 
mixture gives CH 2 (SCH 3 ) 2 and CH 3 SCH 2 SCH 2 SCH 3 (showing the 
presence of CH 2 (SH) 2 and HSCH 2 SCH 2 SH), and treatment with iodine 
gives a cyclic disulfide, CH 2 —S— CH 2 —S— CH 2 —S—S, derived from 

HSCH 2 SCH 2 SCH 2 SH. It has, therefore, been suggested that the re¬ 
action occurs by addition to the carbonyl group. 

H 2 c=0 + H 2 S H 2 C<f 3=± HiO + H-C=S 

"N,h ljM 

CH;Q 

etc. «=t HSCH,SCH a SH * - » 



Hexamethylenetetramine «*• 431 reacts with hydrogen sulfide, giving 
a polymer, (CH 2 S)x, which is probably analogous to polyoxymethylene 
in structure. The thioaldinc thiocyanate obtained from acetaldehyde 
ammonia is converted*" to thioacetaldehydc by heating in aqueous 


solution. 


CII; 


OH 

I 

(CHjCHNHa); 


HtS 


CHjCH 


/S -CH X 


NHIICNS 


Nj-ch/ 


(HOll) 


(CHjCHS); 


CII: 


It is sometimes advantageous to use a derivative (such as the 2,4-dim- 
trophenylhydrazonc) of the aldehyde or ketone in the synthesis of the 
thio analog by the reaction with hydrogen sulfide. 


RCH—N NI ICrflaCN O 2 h 


n *s 

(HjSOil 


> RCHS + (OaNhCeHaNHXII* II 2 S04 


«t Marckwuld. Drr.. 19. 1820. 2378 (1880); Dcr., 20. 2817 (1887); Suyver. R>c In ,r 
ctxim., 24. 377 (1005); Klinger, her., 10. 1877 (1877); Mann and Pope, J. Chem. Soc.. 123. 

11 Klinger. Der.. 9. 1803 (1870); her.. 11. 1023 (1878); Bcr.. 32. 2195 (1800.; Baumann 
Der 23 02. 1809 (1890); Drugman and Stockings. Prue. Chon. Sue., 20. 115 (1901) 
Prates i, Gazs. chim. iUd.. 14. 139 (1885); Vunino. her.. 35. 3251 (1902). 

«»« Wohl. Her.. 19. 2344 (1880). 
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The reactions of polyfunctional carbonyl compounds with hydrogen 
sulfide are sometimes different from the simple members of the series; 
for example, thiophenes have been obtained 432 from 1,4-diketones. 

From Methylene Halides and Metal Sulfides. Compounds with two 
halogens attached to the same carbon atom may be converted to thio- 
aldehydes or thioketones by the action 433 of sodium (or potassium) 
hydrosulfides or sulfides. 

(C 6 H 5 ) 2 CC1 2 + 2KSH — (C«H s ) 2 C=S + 2KC1 + H 2 S 

(Monomeric) 

3C,H»CHCIt + 3Na*S — (C»H»CHS h + 6NaCl 

In preparing tliioaldehydes by this method 434 the Cannizzaro reaction 
(see below) is responsible for the formation of by-products. 

From Ketones and Phosphorus Pentasulfide. Most of the products 
obtained 421 * 435 from the reaction of ketones with phosphorus pentasul¬ 
fide are dimeric but a few are monomeric. 

RiC—O RsC—S 


W hen 1,4-diketones are used thiophenes are formed. 43 * 
CH*—CIIj CH-CH 


CH, 


C 

II 

O 


C—CH, 

M 

o 


tvs 


CH,—C 


C—CH, 


\s/ 


Other Methods. It has been noted (p. 862) that disulfides are pro¬ 
duced by the reaction of ketones with ammonium hydrosulfide; the 
reaction is a complex one, 417 however, and it appears that thioketones 
are intermediates. Methylene halides react 438 with thioacctic acid or 
its salts to give thioketones. 


Ar-CCI* + C HaCOSII — Ar-C=»S + CH,COCI + IICI 


«v,o-Ilichlorndiethyl sullide is converted to trithioacctaldehyde by the 
action of silver sullide, silver oxide, hydrogen sulfide, or sodium hy- 

«» Mur:». I’uliti’t i lom. S.*.. 15. 50 <193S> [C. ,1.. 32. 49S2 (193H)|. 

lielir. It-r., 6. 070 (ls72>; Klinjtcr. H-r., 15. Mil (1882); Gattermunn ami Schulze. 
/;. r.. 29. 2914 (ls«)«i); Stuudinecr and Freiidcnliergcr. Org. Syntheses, 11. 94 (1931). 

•“ Wood and Dost. J. .1*/.. t'hem. Sue.. 59. 1011 (1037). 

,i& Spring. It til. chi in.. |2| 40. CO (1SS3). 

m Paul. /»’. r.. 18. 307. 2251 <|SS5). 

4,7 \Vill»isei«»*li. n,r.. 20. 2107 «1Sn 7>: Baumann ami Fromm. Der.. 28. 907 (1895); 
Mandufl and Kri>*li«\ .Inn.. 337. 170 (1904); Fromm ami Holler, Iter.. 40. 297S (1907). 

l ” Sprinis. It. r.. 14. 75S (1SS1); SchOnberR. Schtttz. and Ni. kel. li. r.. 61. 1375 (1928): 
Kitamura. ./. Phnrm. Sue. Ja/>on. 57. 893 (1937) (C. .1.. 32. lliSO (193$>1. 
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dioxide . 439 Thioacrolein is formed 440 by heating glycerol with sulfur at 
175-200° under slightly elevated pressures. Diarylthioketones may be 
prepared 441 by the Friedel-Crafts reaction, using thiophosgene. 

S S 

2 ArH + Cl—C—Cl > ArCAr + 2HC1 


Reactions 


Oxidation. Oxidation of the cyclic trimers may be carried out in 
the same way as the oxidation of ordinary sulfides (p. 874). The cyclic 
trisulfones 40 obtained from trithioaldehydes in this way form salts 
when treated with sodium cthoxide, may be alkylated, and have the 
general properties of methylene disulfones (p. 881). 


ch 3 

1 

CH 3 

S—CH 

/ KMnO, 

SO*—CH 

/ \ 

. ch 3 ch s 

\ / 

SO*—C1I 

1 

CH 3 CH 8 -1 

\ / 

S—CH 

1 

CII 3 

CII 3 


It is interesting to note that, while the cis and Irons isomers of the tn- 
thioaldehydes might be expected to give cis and Irons su If ones only one 
trisulfone may be obtained. This may lx* attributed to the lab.l.zing 
influence of the sulfone group upon hydrogen, allowing the formation of 

_*CHSO*— *=* H* + [ —SO 2 CSO 2 — D which may read¬ 
ily change from one geometric form to the other. 

The trisulfoxide from trithioformaldehydo may be obtained in 
both cis and Irons forms (p. 484). 

Though most of the monomeric thioketones are converted 4 ‘- 4 * to 
ketones by the action of hydrogen peroxide, some of the complex ones 
fail to react. Oxidation of trithioformaldchyde by aqueous chlorine 
has been discussed elsewhere (p. 808 ). 


an anion 


/ CII 3 

( I 

\—soscnst 


and Pope. j. Chrtn. Sue.. 123. 1178 (1923). 

». U. S. put. 2.007.201 | C. A.. 31. 1355 (1937)|. 


*” Mann 

440 DcIkoii. 

441 GutUrinann. Her., 28. 2809 (1895). 

441 nuuiiiunn and Fromm. B.r. 22. 2000 <1HSU); Buumum. and Camps. Bcr.. 23. 09. 

1874 (1890) -.Camps, /i.r.. 28. 234. 248 1 1892): Baumunn. Bcr.. 26. 2074 (1893): l.«mm.U. 
Her., 27, 1007 (1891); Peters. Her.. 38. 2500 (1905). 

444 HinaborK. J. prakt. Cher,,.. |2| 86. 337 (1912) ; ibid.. 142. 135 (1935). S*ee also the 

referenco on p. 484. 
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Pyrolysis. Olefins and thiophene derivatives are formed 444 by heat¬ 
ing thioaldehydes or thioketones. For example, stilbene 424 or thiones- 
sal 444 (tetraphenylthiophene) may be obtained from trithiobenzalde- 
hyde. 

150® 

2(CeH 6 CHS) 3 -> 6S + 3C6HsCH=CHC fl H 5 

C6H5C-CCftH 6 


2C 8 H 5 CH=CHC«H 6 + 3S 


C 6 H 6 C cc 6 h 6 

\s/ 


2H2S 


With Alkyl Iodides. Thioaldehydes and thioketones react 445 with 
alkyl iodides (less readily, with alkyl bromides), forming sulfonium 
salts. 

(CH»S)i + 3CH.I + 12CHjOH 3[(CH,) s S] + I- + 3CH 2 (OCH,) 2 + 6H s O 

The products appear to be those which might be expected by assuming 
that the trithioaldehyde behaves like an ordinary sulfide, giving a sul¬ 
fonium salt which undergoes alkyl interchange according to the reac¬ 
tion already noted (p. 868). 

With Salts of Heavy Metals. The monomeric, dimeric, and trimeric 
thioaldehydes and thioketones resemble the sulfides (p. 858) in their 
ability 421 • 424 to form addition products with the salts of heavy metals 
such as mercury, platinum, and silver. Both geometric isomers of tri- 
thioacetaldehyde, for example, give salts with silver nitrate with the 
composition (CH 3 CHS) 3 • AgN0 3 and (CH 3 CHS) 3 -3AgN0 3 . 

Other Reactions. Thioketones are hydrolyzed 424 to ketones by heat¬ 
ing with dilute alkali. 

R 2 C—S + 2NaOH — R-C=0 + Na*S + H*0 

The isolation 434 of benzyl dithiobenzoate, dithiobenzoic acid, and 
benzyl mercaptan from the reaction of benzal chloride with sodium sul¬ 
fide shows that thioaldehydes of the aromatic scries may undergo auto- 
oxidation-reduction in the same way as their oxj’gen analogs. 


C«H 6 CHC1 2 


[CsHsCHS] — C»HsC—SCHjCeHs 


C 6 HsCH(SCH 2 C 6 H 6 ) : 


C«H t CHS 
or C*HiCHClj 


C 6 H 6 —C—SH 

+ 

- CJhCH&H 


< 44 Kopp. Der., 25. 600 (1892); Ann., 277, 339 (1893); Baumann and Klett. Ber., 24. 
3307 (1S91). See also Bchr. Ref. 433. and Baumann and Fromm. Rof. 424. 

444 Roychlcr. Bull. soc. chim., |3] 33. 1220 (1905); Platanov and Anismov. J. Gen. Chem 
( U.S.S.R .). 6, 022 (1935) [C. A., 29. 7277 (1935)1- 
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Thioketones react with carbonyl reagents; thiobenzophenone, for ex¬ 
ample, 433 gives benzophenoneoxime when treated with hydroxylamine. 
fl-Thioketonic esters, prepared 446 by reaction of a 0-keto ester with hy¬ 
drogen sulfide, form sodio derivatives but upon treatment with an alky 
halide undergo alkylation on sulfur, rather than on carbon as is usual 
with their oxygen analogs. 

s o SNa O SR O 

CH 3 CCH 2 COC»Hs -♦ CHiC=CHCOCjH, —> CHiC=CHCOC-H. 

Trithioformaldehyde Ls cleaved by treatment with sulfur chloride. 

(CHjS)j + SiClj - ClCH-SCHiCl 


Anils are formed «’ by the reaction of thioketones with azides. 
(C.H,),C-=S + C.H.N, — (C«H»)tC—NC«Hj + N 4 +S 
C.H,—C.H, + C«HiSOiNj — C«H^C»H, + g 


l» 

s 


nsosC«i u 


XIV. THIO ACIDS AND THEIR DERIVATIVES 


General Characteristics 

The monothio analogs of the carboxylic acids exist in only one form. 
By analogy with the carboxylic acids, their structure may be a resonance 
hybrid of the thiol and thion structures. 


:s. 

r-.c: . 

:o: 


ii + ^ 


:s: 

R:C : • 

Vo: 


H 


»— — 

In most of the reactions of thio acids and tl.cir salts the result is that 
expected from the presence of a -SH group, and there are arguments 
for considering this the favored structure. ... , „„„ 

The acids have disagreeable odors and are slowly decomposed upon 
exposure to air. Thioformic acid is not stable but loses hydrogen sul¬ 
fide and forms an amorphous solid mass.*" Thio acids arc less associated 

... Mi tro . J. Indian CW Sac.. >6. 31 (I93S. {C. A.. 32. 4945 (1838,|. 

•«» Kchhnbcrg and Urbuii. J. Chcm. Sue., WO (1036). 

««• Bloch. Com pi. rend.. 206. 070 (1038). 

««• Auger, ibid.. 139. 708 (1004). 
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(compare ROH and RSH, p. 840), and the lower members of the series 
have lower boiling points than the carboxylic acids. 

The alkali metal salts of the thio acids are crystalline, water-soluble 
compounds, but the heavy metal salts are generally insoluble in water 
and decompose rapidly 450 with precipitation of the metal sulfide. 

Very few aliphatic dithio acids (RCS 2 H) are known, but several of 
the aromatic scries have been prepared. They oxidize readily and are 
extremely difficult to handle. 




and dithio es- 


Some thion and thiol esters may be inter- 


converted by heating. 451 The thion esters of low molecular weight are 


oxyluminescent. 


The prefixes thiol and thion are used only in the nomenclature of the 
esters, since the only possible thioamidcs and thio acid chlorides are those 
corresponding to the thion esters; those corresponding to the thiol esters 
arc the same as the amides and acid chlorides of carboxylic acids. 

The thio derivatives of carbonic acids may have distinctive structures 
and reactions and will therefore be discussed separately in the conclud¬ 
ing portion of this chapter. 


Preparation 


Preparation of Thio Acids. A good yield of thioacetic acid is ob¬ 
tained 452 by passing hydrogen sulfide into a mixture of acetic anhydride 
and acetyl chloride. 

(CHjCO)jO + HjS CHjCOSH + CH,COOH 


Aromatic acid chlorides react with aqueous potassium hydrosulfide 4M 
or sulfide 4M to give thio acids, but aliphatic acid chlorides arc too readily 
hydrolyzed to give satisfactory results. 


O 

II 

ArCCl + KsS —* ArCOSK + KC1 

440 Tarugi, Gass. chim. ilat., 27. II. 153 (1S97). 

441 Wheeler and Barnes. Am. Chan. J .. 22. 141 (1S99); ibid.. 24. GO (1900); Schonbcrg 
cl at.. Her.. 63. 178 (1930); Karjala and McElvain. J. Am. Chem. Soc., 66, 29GG (1933); 
Schonbcrg cl a!.. Bcr.. 64. 1390. 2582 (1931); B, r.. 65. 289 (1932); Ann.. 483, 107 (1930). 

445 Clarke and Hartman. J. Am. Chem. Soc.. 46. 1731 (1924). 

441 Jacqucmin and Vosselmnnn, Compt. rend.. 49. 371 (1859); Auger and Bilcy. ibid., 
136. 555 (1903). 

444 Cloez. Ann.. 116. 27 (1S60). See also Klinger. Ref. 433. 
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Thio acids have also been obtained from the reaction of carboxylic acids 
with phosphorus pentasulfide «“ and from the reaction of carbon oxysul- 
fide with the Grignard reagent. 454 

R—COjH -^L_> R-COSH 
RMgX + < _ ^ -OSH 

They have also been prepared from dithio acids by formation of thio 
acid chlorides, followed by hydrolysis. 


RCSiH 


SOCI, 


R-C—Cl 


IIOH 


* RCOSH + HC1 


Preparation of Dithio Acids. Probably the most common method of 
preparation of dithio acids is the reaction «■ “ of a Grignard reagent 
with carbon disulfide. o ^ 


RMgX + 



‘- c <! 


RC 


SMgX 


% 


SH 


Aldehydes arc converted 454 to dithio acids by treatment with am- 
inonium polysulfidc. 


R—C—H + (NH.)«Si - RC/" + NH.OH 

11 < 

Dithiobenzoic acid 44 * is readily obtained by the reaction of bens* 
trichloride with potassium sulfide. 


CiHiCCU + 2KaS — 3KC1 + C*H*C<^ 


JL 


CdUCSjH 


SK 


a* Kok.il 0. Ann.. 90. 309 (1*54); SchifT. Iter.. 28. 1204 (1895). 

444 Wcigcrt. Iter., 36. 1007 (1903). 

447 Blot'll Comnl. rend.. 204. 1342 (1937). 

zt±ststs. zsak ,->.= 

Hohn nnd DUKKt'i «/. nrahl. Client., 82. 473 (1910). 

“"’suudiriKor and SicRWirt. I/cle. Ckim. Ada. 3. 824 (1920.. For « «n»l»r reaction 
. . / 1 un Ninil Proc /<**!/• SoC. Edinburgh. 10. 425 (1882) : J. Chen,. Soc.. 12. 

.61 34. 425 (fs92): J. Chcm. Soc.. 63. 431 080,,; 
Lwi. AUi occo*. Lined. 16) 9. 170 0020, (C. .... 33. 3438 (1020,). 
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Aromatic dithio acids have been obtained 441 by the reaction of 
phenols with carbon disulfide in the presence of aluminum chloride. 

C.H.OH + CSj HOCsHjCSsH 

Preparation of Dithio Esters. Esters of the dithio acids have been 
prepared by the action of mercaptans on thioamides in the presence of 
hydrogen chloride 442 and by the action of hydrogen sulfide on imino thio 
esters 74 (p. 851). 

S S 

II II 

R—C—NH, + R'SH + HC1 R—C—SR' + NEUC1 

NH S 

II II 

R—C—SR + HiS —* R—C—SR + NH, 

The ortho esters of this series have been mentioned previously (p. 848). 

Preparation of Thiol Esters. The formation of thiol esters by the 
reaction of carboxylic acids with sulfhydryl compounds has been dis¬ 
cussed (p. 818). Mercaptans may be acetylated 463 with acetic anhydride 
and aqueous sodium hydroxide; with mercaptans of high molecular 
weight better yields 443 are obtained by using sodium acetate in place 
of sodium hydroxide. 

O 

II 

(CH,C0),0 + RSH + NaOH -> CHs-C—SR 4- CH,COONa + HtO 

Aromatic acid chlorides also give satisfactory results with mercaptans 
and aqueous alkali. Aliphatic acid chlorides are too readily hydrolyzed 
to be used in aqueous solution but react under anhydrous conditions 
with thiophenols 464 and mercaptans. Pyridine 445 or trimethylamine 444 
appears to cause the acylation to occur more smoothly. 

O O 

II II 

R—C—Cl + R'SH + (CH,),N -» R—C—SR' -f (CH,),N HC1 

Thiol esters have also been obtained by the reaction of acyl halides 
with mercaptides, 447 by alkylation of the salts of thio acids, 448 by the 

481 Jorg. Bcr., 60. 1460 (1927). 

481 Reid, Orig. Com. 8th Intern. Congr. Appl. Chem. (Appendix), 26. 423 (1912) [C. A., 
7, 2190 (1913)1. 

481 Wenzel and Reid. J. Am. Chcm. Soc., 69. 10S9 (1937). 

484 Michler. Bcr., 7. 1312 (1874); Jones and Tasker. J. Chcm. Soc., 95, 1904 (1909). 

488 Holmborg. Arkiv. Kcmi, Mineral. Gcol., 12B, No. 47 (1938) [C. A., 32. 4161 (1038)) 

488 Ralston. Segebrecht. and Bauer. J. Org. Chcm.. 4. 603 (1939). 

487 Michler, Ann., 176, 182 (1875); Obermayer, Bcr . 20. 2920 (1887). 
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hydrolysis of imino thio esters,** and by the action of mercaptides on 
esters.* 6 * 

O 9 


2R—C—Cl + Pb(SR')* 


2R—C—SR' + PbCli 
O 

RCOSNa + R'X -> R—C—SR' + NaX 

NR ?, 

HO 


R—C—SR + H,0 


R—C—SR + RNHs-HCl 
O 


R—C—OCeHi + R'SNa -> It—C—SR' + C«H*ONa 

Ketenc «• reacts readily with mercaptans, giving high yields of thiol 
esters. q 

II 

RSH + CHa—C—O —* CHj C SR 

Preparation of Thion Esters. The method ordinarily used *“• ‘" for 
the preparation of thion esters is the reaction of dry hydrogen sulfide 
with imino esters. 

NH-HC1 S 

r—C—OR + H*S —* R—C—OR + NH 4 CI 

Thion esters have also been obtained « from the reaction of the Grig- 
nard reagent with chlorothioncarbonates. 

S s 

RMgX + Cl—C—OR -* R—C—OR + MgClX 

Preparation of Thioamides. Thioamides arc usually prepared by 
the addition of hydrogen sulfide to a nitrile. 47 * 

S 


It 


=N + II*S — R- 


-NH, 


«« Wallach and Bltibtreu. Her.. 12. 1002 (1870). 

“•Seifert. J. prakt. Chetn.. |2) 31. 402 0836). 

3 10 ■ 79 ,,92w ,c -”• 2458 

4T» GautIor?A 289(1807); Ralston, van dcr Wal. and McCorkle. J. Org. Chtm , 

4. 08 (1039). 
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The reaction is carried out in a sealed tube or by adding the nitrile to 
alcohol that has been saturated with ammonia and then with hydrogen 
sulfide. In the case of certain nitriles which do not react under these 
conditions, high yields of thioamides have been obtained 474 by replacing 
the ammonia with triethanolamine. Isonitriles react with hydrogen 
sulfide to give thioformamides. 475 - 478 

S 

II 

RNC 4- HtS —* RNH—C—H 


The reactions of isothiocyanates with the Grignard reagent, 477 
sodium phenylacetylide, 478 or the sodium derivative of active methylene 
compounds 479 may be used for the preparation of thioamides. 

R—N=*C—S -- MgX > R—N=C—SMgX RNH—C=S 

R' R' 

SNa S 

C,H»CsCNa + R-N=C=S - C*H»0=C—cL-NR C*H*Ch=C—(!)—NHR 


(CH(COOC,H*)>]-Na* + R—N—C—S 


NaS 

- R—N——CH(COOCiH*)i 

S j H * 

R— N H—A—CH (COOCiH») j 


Thioamides have also been prepared by the reaction of amides 
with phosphorus pentasulfide, 478 , 480 from iminochlorides, 481 from ami- 
dines, 480, 482 and by the Friedel-Crafts reaction. 483 



R—C—NRHC1 


Cl 



RC—NHR + 2HC1 

II 

S 


474 Olin nnd Johnson, Ree. Ira v. ehim., 50. 72 (1931). 

476 Hofmann, Ber.. 10, 1095 (1877). 

474 Hofmann. Ber., 11. 338 (1878). 

477 Sachs nnd Locvy, Ber., 37. 874 (1904): Gilman and Furry. J. Am. Chem. Soc., 50, 
1214 (1928); Schwartz and Johnson, ibid., 53. 1003 (1931). 

471 Worrall, J. Am. Chem. Soc., 69. 1486 (1937). 

47 * Ruhcmann, J. Chem. Soc., 93. 621, 025 (1908); Worrall. J. Am. Chem. Soc., 50. 1457 
(1928). 

4,0 Bcrnthaen, Ber., 11. 503 (1878). 

4S ‘ Leo. Ber., 10. 2134 (1877). 

442 Bemthsen. Ber.. 10. 1238 (1877); Ann., 199. 29 (1878). 

*” Friedmann and Gattcrmann. Ber., 25. 3525 (1892). 
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NHCeH, 


-> C 6 H 6 CNHC 6 Hs + CeH*NH, 
S 


cs. 


-> CftH^CNHCeH, + C 6 H 6 N=C=S 


C 6 H fl + C6H 6 N=C=S 


AIC1, 


C«H 6 NHCCeH, 


Preparation of Thio Acid Chlorides and Anhydrides. Thio acid chlo- 
riflos are prepared 467 • 444 by the reaction of dithio acids with thionyl 
chtride 6 ThLanhydrides(diacy> sulfides) areobtainedl «■ - by the re¬ 
action of an acid chloride with potassium sulfide or with the lead salt 
of a thio acid. 

S 

II 

SOCTi 


RCS,H 

O 

II 

2R—C—Cl - 


KiS 


-> R—C—Cl 

o o 

II II 

-> R—C—S—C- 


R + 2KC1 


(|<COS)«Pb 


O O 

II II 

-> 2R—C—S—C— R + PbCI* 


Diacyl disulfides may be obtained by the method already mentioned 
(p. 862), by the reaction of iodine with sodium salts of thio acids, or b> 
the electrolysis of thio acids. 4 * 4 ^ Q 


2RCOSN a + U 


-> R_C—S-S-C—R + 2NaI 


O 

II 


O 


2RCOSII K-C-S-S-C-U + H, 


At nnodo 


At cathode 


Reactions 


Reactions of Thio Acids. Probably the most notable characteristic of 
thio acids is their reactivity as acylatmg agents, llnoacctic acid, fo. 
example, acetylatcs amines «" readily at room temperature. 1 hio acids 

»•>.. *'"»'• 

• «. 110 < 1902); Kilmer. licr.. 34. 057 11901,. 
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react with alcohols 488 to give esters and are rapidly hydrolyzed in the 
presence of moisture; the hydrolysis occurs so readily that thio acids 
may be used 489 in place of hydrogen sulfide in analysis. 


CH 3 COSH + HsNGiHft 


RCOSH 



NHC*H* + H*S 


0 



R—C—OR' + H 2 S 
RCOOH + H*S 


Thioacetic acid reacts readily with olefins 88 • 726 • 466 giving thiol esters 
resulting from “abnormal addition" (p. 639). 

O 

(CH 3 ) 2 C=CHCH 3 + CH 3 COSH -♦ (CH 3 ) 2 CHCH—S—CCH, 

CH 3 

1 he thio acids are oxidized by atmospheric oxygen and are converted 
to diacyl disulfides by mild oxidizing agents (p. 935). 

Reactions of Thioamides. The thionmides, in contrast to their oxy¬ 
gen analogs, arc weak acids; they dissolve in aqueous alkali and may 
be reprecipitated by passing carbon dioxide into the alkaline solu¬ 
tion. 480 - 490 


S 


R—C—NH 2 [RCSNH]“Na + 

HjO 


R 


-NH 2 + NaIIC0 3 


1 he salts of the thioamides may be isolated; they react with alkylating 
agents 4rt8 to give S-alkylisothioamides (imino thio esters). 


SR' 

[RCSNH]"Na+ + R'X — NaX + R—C—NH 

One of the most useful reactions of thioamides is that with a-halogen 
aldehydes or ketones to give thiazolcs .«■ The results of this reaction, 
as well as the salt formation noted above, suggest that the thioamides 
are tautomeric. 


<lo"l'>." hCOlCr- J ' Am ' Ch ' m ~ Suc " **• 443 <,90,,; S ‘ ewart “ nd McKinney. ibid.. S3. 1482 

ISOo’tmS” “ d T '' r " Ki ■ Bcr - ”• 3437 <1894,; Yo ° Bnd J - Am C*em. Soc. S4 

480 Nof. Ann.. 280, 297 (1S94). 

4,1 Hantzsch. Ann.. 250, 262 (18S9). 
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C1CH 2 

+ 

0=0—R 


R—C 


Z 3 


—OH 


% 


N—CR 


Benzothiazoles have been obtained by .the oxidation 492 of thioanilides. 

o 

<K,Fe(CN>.) 

Thioamides arc readily hydrolyzed 49a by heating with aqueous acid 
or alkali; they may also be converted to nitriles by elimination of hy¬ 
drogen sulfide. 494 

R _C^ S + 2HjO + HC1 — RCOjH + H,S + NH,CI 
'NHj 



NaOH + R—C<®‘ 

•N 



A characteristic blue color, probably due to thiobenzophcnone, is 
formed 495 when thioamides are heated with bcnzophcnonedichloride; 
this may be used as a test for thioamides. 

Reactions of Other Compounds. Thio acid chlorides react in the 
same way as their oxygen analogs but arc less stable. 440 Thio anhydrides 
are readily hydrolyzed. Dithio acids arc oxidized by air 494 or mild 0 x 1 - 

S S v 


( s 

\R—C- 


-S- 


y 


C—U/ ; these may 


dizing agents 497 to thioacyl disulfides 
be used 498 for the acylation of amines. 

The only characteristics of thion esters which are worthy of note 
arc their rearrangement, 451 the ease with which the sulfur atom is re¬ 
moved, and their hydrolysis. 47 * Thiol esters may also be hydrolyzed 
(pp. 843, 8-18) and are oxidized 767 by aqueous halogens. 


O O u 

CeH*—C—SC*Ht CellfcC—Oil + CelUC—Cl + CjHfcSOsCl 


Dithio esters undergo ammonolysis with concentrated ammonium hy¬ 
droxide. 422 

4 ** Jucobscn. Iter.. 10. 1007 (1880): tier.. 20. 1895 (1887); Jacobsen and Ncy. Her.. 22. 
004 (1889). 

4 *» Blunk. Iter.. 25. 3040 (1892). 

4,4 Jorgensen, J. jnakt. Chem., (2) 66, 33 (1902). 

4 *» TschugucfT. Iter., 35. 2482 (1902). 

«* Houbcn and Pohl. Her.. 40. 1303 (1907). 

4 »» Bloch, Ilohn, and Buggc. J. prakl. Chem.. 82. 473 (1910). 

«•• Sxperl and Wasilewska, It^xniki Chem., 16, 204 (1030) [C. A., 30. 8189 (1930)|. 
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CfiH6—C—SCHiCeHj + 3 NH 4 OH 

O 

II- 

CftHv—C- 


-NH, + C 6 H 6 CH,SH + (NIU)S + 2H 2 0 


Derivatives of Carbonic Acid 

The sulfur analogs of carbonic acid offer structural possibilities which 
are not found in any of the other acids. In addition to the usual thiol 
(I) and thion (II), there are theoretically two dithio acids: a dithiol (III) 
and a thion thiol (IV) acid. There may also, in this case, be derivatives 
of a trithio acid (V). 

O S O s S 

HO—C—SH HO—C—OH HS—C—SH HO—C—SH HS-C—SH 

* I! Ill IV V 

Though these acids are unstable, their salts and other derivatives are 
known. I* or example, the esters of all of these may be prepared by the 
reaction of phosgene or tniophosgene with the proper alcohol or mer¬ 
captan. 


RO-C-OR 

a ROH 

s 

s 

S 

S 

II 

RS—C—SR • 

RSH 

j! ROH 

— Cl— C— Cl -* 

RSH 

• RO—C—Cl — —— —j 

II 

• RO—C—SR 

O 

II 

RS—C—SR - 


0 

_ ci—c—ci J25-, 

0 

0 

IlSH 

RS — C — Cl -22L, 

II 

RS—C—OR 


The thio derivatives of carbamic acid are the same in number as 
those from ordinary acids: thiolcarbamates (VI), thion carbamates 
(VII), and dithiocarbamates (VIII). Thiourea (IX) is the only thio- 
diamide of the series. 


H 2 N—C—SH 

VI 


H*N—C—OH 
vii 


H.N—C—SH 
viii 


h 2 n—c—nh, 

IX 


Elimination of the elements of water or ammonia from these amides 
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loads to two types of structure which cannot be derived from other thio 
acids: thiocyanic acid (X) and isothiocyanic acid (XI). 

H—S—CsN H—X=C=S 

x 

In general, the thio derivatives of carbonic acid behave as might be 
expected from the information already given about thio acid derivatives 
and from knowledge of the simple carbonates. Therefore, no attempt 
will be made to discuss the entire series; the following treatment will be 
limited to a few specific types or individual compounds which seem 
especially important or interesting. 

Xanthates. The salts of O-alkyl derivatives of IV are known as 
xanthates.* They arc obtained*” by the reaction of an alcohol with 
carbon disulfide t in l ' ,c presence of alkali. 

II 

ROH + CSj + KOII —* RO—C—SK + H-O 


The xanthates from n-butyl and isoamyl alcohols have been used in 
flotation. The xanthates may be alkylated by the usual reagents; the 
esters of low molecular weight obtained by this method show the property 
of chemiluminescence in air."" The most important application of the 
xanthates is the viscose process (p. 1083) for rayon and cellophane. 

Dithiocarbamates. Carbon disulfide reacts with ammonia and with 
primary and secondary aliphatic amines to give salts of d.tl.iocarbamic 


acid. 


UNH 2 + CS, — 



Nol iiuJaU*! 


Alkali metal salts may be obtained by the use of alkali in the reaction 
of the amine with carbon disulfide. The dithiocarbamates are readily 
oxidized to thiuram disulfides, and these- may lx- converted to sulfides. 
The thiuram disulfide ami sulfide obtained from dimcthylam.ne are 
known as “Tuads” and “Thioncx” respectively and are important accel- 

• The nurm* is derived from the Greek O anihu*. yellow), ll docs not refer to thecolor 
of all xuntliutcs. but to their insoluble, yellow cuprum «»!»*• ^ g 

'I II , 

( 4 ROCS 2 K 4 * 2 CuSO« — VHOCSjCu + -KjSO« 4- ROC—S—S—COR.] 

t Carlton LxysuhtdJ m.dl rg^t* u ►imilnr reaction, yielduu: u product known as "Ren¬ 
der*!. suit”; C.-li.OH + COS + KOII - 11,0 + C.IUOCOSK. IWeeldenburg. Uu. t,a, 
cJtim., 47. 490 ( 10281.1 

M Dclepinc. Hull. »oe. ehim., 14J 7. 40-1 (l.)IO). 
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era tors for rubber vulcanization. The thiuram disulfide from piperidine 
is also used for this purpose. 

S 


(CHj)*NH + CS 2 + NaOH — (CH 3 )*N—C—SNa 


HjOj 


s 


(CHa)jN—C—S—S—C—N(CH 3 ) 2 

KCn/ Tuada* 


KNCS + (CH 3 )*N—C—S—C—N (CH 3 ) 2 

Thionex" 


The reaction of aromatic primary and secondary amines with carbon 
disulfide gives derivatives of thiourea. 

Thiourea. Thiourea (thiocarbamide) may be prepared by reactions 
analogous to those used for the synthesis of urea: the addition of hydro¬ 
gen sulfide to cyanamide 401 or the use of ammonium thiocyanate in the 
Wohler synthesis. In the second method, higher temperatures arc re¬ 
quired and the equilibrium is less favorable 402 than in the rearrangement 
of ammonium cyanatc. 


HjNfeN 



S 

NH 4 SCN — ° > H 2 N— c —NHt 

289*c 


The reaction of thiourea with alkylating agents (p. 841), producing 
S-alkylisothiourcas (“pseudothioureas”), suggests that thiourea may be 
tautomeric (compare with the other thioamides, p. 936). 


S SH 

II I 

H 2 N— c —NHi i=± H 2 N—C=NH 


SR 

I 


The absorption spectrum of thiourea 403 resembles that of R 2 N—C=NR 

S 

II 

more than that of R 2 N—C— NR 2 . However, the pH of solutions of 

StTi! B r k f' ^ S0C - 62 195 (1930,: and Buchanan 

ibut., 53, 1~«0 (1931): Bnrsky. Chimie A Industrie, 28. 1032 (1932). 

Z {j®PP ann “- Q uarl - Ind J° n Chem. Sac.. 4. 217 (1927) [C. A., 21. 3520 (1927)J. 
Rivicr and Borel. //c/p. Chun. Acta. 11. 1219 (1928). 
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• 1 nnliMtinns With formaldehyde it gives products similar to 

"it may be mddizri in • ebl solution to a .tron^y buic 
ffl,NC(-NH)S-SC(:NH)NH 2 ) and by further oxidation to a 
chbulfide (H2 t- NC( . NH)SO H . Some of the thiobarbitunc acids, 
sulfonic acid, ,“'^ with subs f„uted malonic ester., are 

amines with thiophosgene. 


RNHi-HNCS 


RNH—C—NH* 


RN—C—S + UiNH 


2ArNH* + CS, 


\ RNH—C—sl RN 


RNH a + 


-> RNH—C—NRa 

S 

|| 

-> ArNH—C—NHAr + H 2 S 
S 

-> RNH—C—NHR + H 2 S 
S 

4R*NH + ChC-S —> IUNCNR, + 2RjNH*HCI 

*** Cristol, Scignourin. and Co£. *00. **3 (1935, 

::: M * 3073 °~ 18 

-~o l7 - 332 (,935) - 

*«• Werner, J. Chrm. Soe.. 109. 11-0 (1010). 

Z Am - ch - B8 - 1090 a93C); Tubom 

and Volwiler. ibid.. 67. 1001 (1036). 
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Diphenylthiocarbanilide (sym.-diphenylthiourea), prepared by the re¬ 
action of aniline with carbon disulfide, is an important rubber accelerator. 

Thiocyanates. The reaction of potassium thiocyanate with potas¬ 
sium bisulfate results in the evolution of vapors which may be con¬ 
densed to a white solid. Although this is called thiocyanic acid, it 
may be an equilibrium mixture of thiocyanic and isothiocyanic acids 
S—0=N «=* S=C=NH). It melts at about 5° and decomposes 
within a few minutes at room temperature. Concentrated solutions in 
dry organic solvents can be kept only at low temperatures, but dilute 
solutions are more stable. 811 

Thiocyanogen (N=C—S—S—C=N) may be obtained by the reac¬ 
tion of metallic thiocyanates with halogens. In its use for the estima¬ 
tion of unsaturation 8,2 and in its reactions with aromatic compounds 813 
it is analogous to the halogens; thiocyanogen has been called a pseudo- 
halogen. 814 Good yields of aryl thiocyanates are obtained by treating 
a metallic thiocyanate and an aromatic compound with bromine 8,8 or 
copper sulfate. 816 

2KSCN + Br, — 2KBr + (SCN), ArSCN + HSCN 

4KSCN + 2CuSO« — KiSO, + Cu,(SCN), + (SCN), —> ArSCN + HSCN 

ArH 

Alkyl thiocyanates, RSCN, are relatively stable but upon heating 
may isomerize to isothiocyanates. They are usually prepared by alkyl¬ 
ation of a salt of thiocyanic acid; 817 a few have been obtained by the 
reaction of meicaptides with cyanogen chloride. 

RX + KSCN — KX + RSCN 
(RS)jPb + 2C1CN — PbClt + 2RSCN 

Alkyl thiocyanates may be oxidized to sulfonic acids (p. 889) and reduced 
to mercaptans. 8 ' 8 Lauryl thiocyanate, 816 C 12 H 25 SCN, and butyl carbi- 
tol thiocyanate, C<H 9 OCH 2 CH 2 OCH 2 CH 2 SCN (“Lethane”), are im¬ 
portant insecticides which have been recently developed. 

Kaufmann and Kogler. Dcr., 68. 1553 (1925). 

^ a,dwcU nn <* Piontkowski. J. Am. Chem. Sue.. 66. 20S6 (1934). 

Dionske. Rcc. /rap. ehim.. 46. 154 (1927). 

414 Knufinunn and Liopc, Der.. 67. 923 (1924). 

114 Kaufmann and Oehring, Her.. 59. 1S7 (192G). 

614 Kaufmann nnd Ktlchlcr. Dcr., 67. 944 (1934). 

4,f Delepine and JofTcux. Compt. rend., 172. 15S (1921). 

4I * Hofmann, Bcr.. 1. 1C9 (18G8). 

4,9 Bousquct, Salzbcrg. and Diolz. Ind. Eng. Chem., 27. 1342 (1935). 


ORGANIC SULFUR COMPOUNDS 94.* 

Iso thiocyanates. Alkyl isothiocyanates, also called “mustard oils, ’ 
have a characteristic sharp odor and biting taste. They are usually ob¬ 
tained by the rearrangement of thiocyanates or by heating dithiocar- 
bamates with mercuric chloride 519 or basic lead acetate. 620 


. Heat 

R—S—C^N- i 

RNHCSiNHaR + HgCl*-3 

RNHCSsKa + CH 3 C0 2 Pb0H- 


R—N=C=S 

RNHjCl + RXHCSaHgCl 

RX-C-S + HgS + HC1 



PbS + CH 5 C0 2 Na + HiO 


The reactions of isothiocyanatcs are analogous to those of isocya¬ 
nates. Isothiocyanates react with water to give disubst.tutcd thioureas, 
with alcohols to give thioncarbamatcs, with amines to give thioureas, 
and with the Grignard reagent (p. 934) to give thioamides. 


KNCS 


R—N—C—S — 


n * u -> RNHCSsH — CSj + RNH« —> RNH C XHR 


It'OII 


S 

li 

> KNIIC—OR' 
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INTRODUCTION 

Organic fluorides have been prepared by a variety of methods, and 
their properties were investigated with varying thoroughness from 1843 
until 1930. The most accurate work has long remained accessible in 
abstract form only, and this probably explains why the fluorides acquired 
the undeserved reputation of dangerous la bora too' curiosities. After 
1930, however, the commercialization of polyfluorides as refrigeration 
agents in household devices and. more strikingly, their use in air- 
conditioning equipment brought a sudden, perhaps overenthusiastic, 
interest in these compounds and a tendency to regard all fluorides as 
harmless, inert compounds. From about 1938 to date more critical 
studies have made it possible to classify the degree of chemical activity 
of the various fluorides, to take advantage of their activity as well as 
their inertness, and to present a coherent picture of the subject as a 

whole. . 

One finds that, after the classical pioneering of Moissan was com¬ 
pleted around 1900, worthwhile contributions in the next twenty-five 
years were practically limited to the investigations of Fr6d«ric Swarts. 
Since 1925 more numerous and more critical publications have appeared. 
The present survey aims at a comprehensive picture of the field as of 
January 1, 1941. In ortler to avoid duplication, it leaves the description 
of details, academic curiosities, and studies that arc interesting but not 
general in nature to preceding compilations.* 

The presentation is almost completely limited to aliphatic com¬ 
pounds, because aromatic fluorides have chemical, physiological, and 
physical properties which are more or less predictable from the known 
trends of the other aromatic halides, whereas aliphatic compounds maj¬ 
or may not show the characteristics to be expected by analogy. The 
aliphatic compounds have also been used in more original applications. 


METHODS OF PREPARATION 

All the methods known to introduce halogen atoms into organic mole¬ 
cules can be used to synthesize fluorides. All of them, however, have 
important limitations. At the present moment the method most gen¬ 
erally used is the interchange of halogen atoms between an organic halide 
and an inorganic fluoride; second in practical importance is the addition 
of hydrogen fluoride to a double or triple bond, a method which is yet 
in its infancy, but is growing fast. 

• Key rofcroncea may bo found at tlic end of tho chapter. 
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Direct Fluorination. Most organic substances burn or explode when 
introduced into a fluorine atmosphere. Carbon gives mostly carbon 
tetrafluoride, but also small quantities of other compounds (C 2 F 6 , C 2 F 4 , 
C 3 F 8 ) and apparently higher homologs C„F 2n+2 . 1 * 2 - 3 - 4 Some cyclic 
compounds have been claimed but in an unconvincing fashion. Hydro¬ 
carbons can be fluorinated in the gaseous form over copper gauze by 
means of fluorine diluted by nitrogen; and a variety of reaction products 
obtained by the replacement of hydrogen by fluorine in the original hy¬ 
drocarbon, and its decomposition products, have been listed. 5, fl * 7> 8< • 
The hydrogen atoms, the chlorine atom, or both elements may be re¬ 
placed in ethyl chloride. 10 Organic poly halides undergo partial replace¬ 
ment of the halogens, and ethylenic or aromatic polyhalides give products 
of addition as well as substitution. 11 * ,2, 13 

Liquid or dissolved paraffins and halogenated derivatives have re¬ 
peatedly been subjected to fluorine, but without much success and with 
many accidents due to accumulation of unreacted fluorine: successful 
results have, however, been obtained by causing the fluorine action to 
take place at the surface of the liquid w * 15, 16 or in an inert solvent. 17 
General indications have been obtained that the fluorination of fatty 
acids occurs mostly in the 0- and 7 -positions, and it has been claimed 
that the hydrogen atoms in an a-position are protected by the adjacent 
carboxyl group. 14 * 15 Olefins and olcfinic acids have given very small 
yields of difluoridcs. 14 * 15 Other compounds have given indefinite, fluo¬ 
rine-containing products. 

This method seems to have some limitations. 

(n) \\ hen it is used to replace hydrogen, it inevitably consumes one- 
half of the fluorine, the most valuable reagent, to manufacture hydrogen 
fluoride, a cheaper by-product. The reaction products are frequently 
difficult to separate from the starting material as well as from each other. 

1 Moisitnu. (’unii nml.. 110. 276 (1800). 

tmtl Damien*, ibid.. 182. 1340 (1026). 

J Huff niul Kriin. Z. anoro. aUgrm. ('him.. 192. 249 (1930). 

* Simon* oml Block. J. Am. ( hi m. Sue.. 59. 1407 (1937); 61. 2064 (1939). 

' Bigelow. IVarsuii. Cook. ami Miller, ibid.. 55. 4014 1 1033). 

e :iml Bigelow. ibid.. 59. 2072 (1937*. 

: < ulfee, Fukuhur:.. nml Bigelow. ibid.. 61. 3532 (1939i. 

* Young. l ukuhnrn. nml Bigelow. ibid.. 62. 1171 (1940*. 

v Hadley and Bigelow. ibid.. 62. 3302 (1940). 

1,1 ( nlfee. Fukuliuru. Young. and Bigelow, ibid.. 62. 207 (1940). 

" Bigelow ami I'eannin. ibid.. 56. 2773 (1934). 

Miller, Calfec. ami Bigelow, ibid., 59. 19S (1937). 

1 I'nkiiliara mid Bigelow, ibid., 60. 427 (193S). 

" I'redenhaRcn and CadcnlKirh. Hrr., 67. 92S (1934). 

14 BoekemOllcr. .Inn.. 506. 20 (1933*. 

10 Miller. J. Am. (’Arm. Sue., 62. 311 (1940). 

' nl. oll ami Beiniing. f. S. pal. 2.013.030 |C..4.. 29. 0900 (1935*). 
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The heat of reaction is greater than the energy required to break a 

carbon-to-carbon linkage. . 

(b) To replace halogen atoms, the action of free fluorine does not 

have any advantage over other methods which are cheaper, more con- 

venient. and less dangerous. _ . .. - .. 

(C) In all cases the number of substitutions and the location of the 

fluorine atoms in the taction products have been unpredictable and 
their precise control is not yet available. The purity of the fluorine is 
of great importance, and stress has been placed on the adverse effect 

■m^sterification ofarTAlcohol. It is possible bu, entirely Unp^tic-bJ 
to esterify an alcohol with concentrated aqueous hydrofluoric acid, 
because the saponification of the monofluorides is far too Preponderant. 

It is equally impracticable to circumvent this by removal of water, 
because all flic desiccating agents tried have caused the decomposition 
of the fluorides into olefins and hydrogen fluoride The same objecrion 
as well as the formation of others, defeats attempts to interact alcohols 
with an excess of anhydrous hydrogen fluoride. Finally, a roundabout 
procedure Lh as the use of a phosphorus fluor.de cads 
of phosphoric acid. These obstacles exp'a.n wh> the synthc.is 

problem is to obtain the completion of the addition reaction and a, the 

.r:: 

The addition invariably 

never a primary compound .xcept . c f thu r< . u , ,i 011 , 

itsolf The* nractH’ul problem ts to linuic i uk ri . 

pre^'e 

r H =C'C U verv easily gives C’H 3 eH 2 CCI*F, and CH :1 t t 1—<- III i 
yield! CIlfcaFCllci quantitatively » In all cases, the rule of Mar- 

» v. Gro,» and Und. Hull..«• —««. “< 

•• v. Grontto und Lind. J. Or 0 . Chrm.. 3. . . «• ' ’• 

" v. Gro,HO. Worker, und Und. ./. /*»; * 

*• Hcnno und Whaley. ui.|>uMi*hcd rwulto. 
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kownikoff and the theory of Kharasch 22 are verified, and so far it has 
been impossible to reverse the direction of addition. The patent litera¬ 
ture 23 • 24 describes the addition of hydrogen fluoride to oleic and stearolic 
acids, to yield fluoro and difluorostearic acids, respectively. These are 
reported as stable compounds, a claim which it would be interesting to 
confirm. 

Cyclopropane combines with hydrogen fluoride to give normal propyl 
fluoride. 19 Good control of the experimental conditions is essential 
because, when cyclopropane and hydrogen fluoride interact too sud¬ 
denly, the resulting normal propyl fluoride decomposes into hydrogen 
fluoride and propylene, and when these two compounds recombine they 
yield isopropyl fluoride. Therefore, a lack of precautions may lead to a 
mixture of reaction products and to an incorrect interpretation. 

Substitution Methods. The principle of the substitution methods 
consists in causing a double exchange to take place between an organic 
halide and an inorganic fluoride, or between an organic sulfate and an 
inorganic fluoride. Sulfates arc very rarely used, and the original syn¬ 
thesis of methyl fluoride from dimethyl sulfate and potassium fluoride 
is now of historical importance only. When the organic halogen to be 
substituted is chemically very active, the substitution is usually quite 
simple; for instance, an acyl halide is transformed into the corresponding 
acyl fluoride by means of antimony fluoride, hydrogen fluoride, 26 or even 
potassium fluoride in hot acetic anhydride. 26 Similarly, sulfonyl fluorides 
are conveniently obtained from sulfonyl chlorides and zinc fluoride. 27 

Alkyl monohalides arc converted to the fluorides by agents such as 
silver, mercurous, or mercuric fluorides. In most laboratories it is more 
convenient to use a fluoride of mercury. 26, *• 31 Organic polyhalides 
with several halogen atoms located on the same carbon atom arc best 
treated with antimony trifluoride, pcntavalcnt antimony fluorochlorides, 
or similar inorganic fluorides. Antimony trifluoride seldom acts effi¬ 
ciently by itself, but a small quantity of pentavalent salt, acting as 
“fluorine carrier,” permits the exchange of halogen atoms to proceed to 
completion. Antimony fluorochloridc is used for very difficult substitu- 

77 Kharasch, F.nuclman. and Mayo. J. Org. Chcm., 2. 29S (1937). 

M I. G. Farbcn Industrie. Fr. pat. 799.432 IC..1.. 30. 75S5 (1930)). 

•* I. G. Farlx*n Industrie. Fr. pat. 7S6.112. Ger. pat. 621.977 (C..4., 30. 2314 (1930)]. 

71 FrcdcnhnKcn and Cadcnbaoh. Z. phyaik. Chcm., A164. 201 (1933). 

18 Nesmcyanov and Kahn. Bcr., 67. 370 (1934). 

71 Davies and Dick. J. Chcm. Soc., 483. 2042 (1932). 

’•Swarfs. Bull, elaasc sci. Acad. roy. Bclg., (o) 22. 7S1 (1930); Bull. soc. chim. Bclg. 
46. 10 (1937). 

Ilcnno and Itcnoll, J. Am. Chcm. Soc., 60. 1000 (193S). 

M Ilenno. ibid.. 60. 1569 (193S). 

11 Ilenne and Midfcloy, ibid., 58. SS4 (193G). 
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tions. Hydrogen fluoride can act as the source of fluorine for organic 
di- or tri-halides whose halogen atoms are all linked to a single carbon 
atom: examples are the conversion of CgH 5 CC1 3 to CgH 5 CF 3 , CH 3 CC1 3 
to CH 3 CF 3 , and CH 3 CC1 2 CH 3 to CH 3 CF 2 CH 3 . 

Limitations of Substitution Methods. Antimony fluoride, which is 


by far the most widely used agent, acts as follows: in the methane series 
it converts CC1 4 to CC1 3 F and CCI 2 F 2 very readily. Extremely small 
amounts of CC1F 3 have been obtained at high temperature and high 
pressure in the laboratory, and also as a minor by-product in the indus¬ 
trial manufacturing of CC1 2 F 2 . Similarly, chloroform is easily trans¬ 
formed into CHC1 2 F and CHC1F 2 , but not into fluoroform,” and at¬ 
tempts to use large proportions of antimony fluorochlorides at high tem¬ 
perature cause decomposition and substitution of the hydrogen by chlo¬ 
rine. Methylene chloride is easily transformed into CH 2 F 2 , though much 
decomposition occurs” Methyl chloride Ls not affected by antimony 
fluoride. It Ls thus clear that, in the methane series, two fluorine atoms 
and no more arc easily introduced by antimony fluoride into poly halides. 
If this limitation is to be circumvented, it Ls necessary to call a different 
fluorinating agent into play when the limits of antimony fluoride have 
been reached: for example, fluoroform is efficiently made from CHBrF 2 , M 
and methyl fluoride from methyl chloride by means of mercuric fluoride. 

In the ethane series, the action of antimony fluoride has limitations of 
position, in addition to the limitations of extent. Hexachloroethane gives 
the following fluorides: CCI 3 CCI 2 F; CCI 2 FCC1 2 F; CCI 2 FCC1F 2 ; and 
CC1F 2 CC1F 2 ; an entirely symmetrical course is thus evident. The 
presence of hydrogen in the molecule markedly alters the course as 
well as the extent of the halogen exchange. Pentacliloroethanc gives 
CHCI 2 CC1 2 F then CHCI 2 CCIF 2 easily, but the next substitution is very 
difficult to perform and the formula of the resulting tritluoride has 
not been convincingly established." Acetylene tetrachloride yields 
CHC1 2 CHC!F, then CHC1 2 CIIF 2 relatively easily. The third step was 
originally reported by Sivarts “ to be CI1C1FCHF 2 , a compound boiling 
at 17°; although this was certainly correct, under the experimental con¬ 
ditions used,* all efforts at duplication in a laboratory as well as on an 
industrial scale have always yielded CH 2 C1CF 3 , a compound boiling at 
0°.« An explanation of tills anomaly is offered which consists of a parting 


” 11 on no, ibid.. 69, 1100 (1937). 

M IKi.no. ibid.. 69. 1200 (1937). 

a * Ixjckc, Drode. and llonno. ibid.. 56. 1720 (1934). 

« llonno and l-udd. ibid.. 68. 402 (1930). 

14 Swart*. Mfm. Acid. mu. //./(/., 61. 1 94 (1901). 

* Dr. Swnrts attributed many of hit excellent results to the uso of platinum equipment 
(Privuto comiiiunicution.) 

” Hemic and Kcnoll. J. Am. Ckcm. Sac.. 68. 887 (1930). 
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of CHC1 2 CHF 2 into HC1 and CHC1=CF 2 , followed by an addition of 
HF or HC1 to give CH 2 C1CC1F 2 and CH 2 C1CF 3 . It is to be noted 
that the rearrangement can be avoided by using, as the source of fluo¬ 
rine, mercuric fluoride, which gives the sequence normally expected, 
CHBr 2 CHF 2 -♦ CHBrFCHFo CHF 0 CHF 2. 37 

Other ethane derivatives give the following results: 37,33,39 CH 2 C1CHCI 2 
-> CH 2 C1CHC1F and CH 2 C1CHF 2 ; CH 3 CCI 3 -► CH 3 CC1 2 F, CH 3 CC1F 2 , 
and CH 3 CF 3 ; CH 3 CHC1 2 — CH 3 CHCIF and CH 3 CHF 2 ; CH 3 CH 2 C1 -► 
no reaction. Mercury and silver fluorides can overcome the limitations, 
as in the methane derivatives. 

To sum up, the following main trends of the ethane series can be 
listed: (1) the ease of transforming a CC1 3 group into a CC1F 2 group; 
(2) the rarity of forming CF 3 groups; (3) the resistance of CHClo groups, 
particularly when they are adjacent to a group already fluorinated. 

An examination of the propane series 21, *°- 41 • 42 , 43 • 44 confirms and enlarges 
these findings. Octachloropropanc gives successively CC1 2 FCC1 2 CC1 3 , 
CC1 2 FCC1 2 CCI 2 F, CC1F 2 CC1 2 CC1 2 F, and CC1F 2 CC1 2 CC1F 2 . This con¬ 
firms the reactivity of the CC1 3 group and parallels closely the behavior 
of C 2 CI 0 . Asymmetrical heptachloropropane gives CHC1 2 CC1 2 CC1 2 F, 
CHC1 2 CCI 2 CCIF 2 , CHC1 2 CC1FCC1F 2 , and CHC1FCC1FCCIF 2 . This 
indicates the sluggishness of the —CCI 2 — group, the difficulty of replac¬ 
ing both halogen atoms by fluorine, and it confirms the resistance of 
CIIClo to fluorine exchange as already observed in the ethane series. 
Dichloropropanc, CH 3 CC1 2 CH 3 , gives CH 3 CF 2 CH 3 , and trichloropro- 
pane, CH 3 CH 2 CCI 3 , gives CH 3 CH 2 CF 3 with great ea<e; these cases are 
similar to that of CH 3 CCI 3 which is very easily converted to CH 3 CF 3 ; 
in each instance, all the halogens are placed on a single carbon atom. 

Decomposition of a Quaternary Ammonium Fluoride. This method 
is very limited in its application, but it allowed Ingold 45 to prepare benzyl 
fluoride with a 00 per cent yield as follows: 

(C e lUCH*)(CH,),XF — C*H*CII 2 F + (CH a )*X 

Introduction of Fluorine into a Benzene Ring. Aromatic fluorides 
are best prepared by way of a diazonium compound. An amine can be 
diazotized in hydrofluoric acid solution, and the diazonium fluoride 
decomposed to the corresponding aryl fluoride, with simultaneous 

34 iI i*iiiic un«l Rcnoll, ibid., 58. Ss9 (1930). 

39 Iicnno and Hubbard, ibid.. 58. -104 (1930). 

40 Uennc and Ucnull. ibid., 69. 2434 (1937). 

41 Iicnno and l.udd. ibid.. 60. 2491 (1938). 

* ; Henru\ Kciioll, and Leicester. ibid.. 61. 93S (1939). 

43 Hennc nnd Itenoll. ibid., 61. 24S9 (1939). 

“ Iicnno and Hucckl. ibid.. 63. 3470 (1941). 

41 Ingold and Ingold. J. Chrm. Sue.. 2249 (192S). 
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evolution of nitrogen. The literature, however, is full of contradictory 
indications as to yields and by-products. Nevertheless, good yields 
can be obtained by using an exceedingly large excess of concentrated 
acid, or by carrying out the diazotization with solid sodium nitrite in 
anhydrous hydrogen fluoride. This last procedure offers attractive in¬ 
dustrial advantages. 

Neither method is practicable in most laboratories, and it is more 
convenient to resort to one of the following modifications. The older 
one 46 consists in forming a coupled product of the diazonium compound 
with a secondary aliphatic amine, usually piperidine. The resulting 
diazopiperidide, ArN :NN(CH 2 )s, is easily decomposed about room tem¬ 
perature by concentrated hydrofluoric acid into piperidine hvdrofluonde 
and an aryl fluoride. The latter is obtained in yields of around 50 per 
cent, and the former can be recovered for subsequent operations. The 
yields arc very sensitive to impurities. The newer methods 47 ■ 48 con¬ 
sist in isolating some insoluble diazonium double fluoride, the most con¬ 
venient of which is a borofluoride. The solution of diazonium salt is 
treated with sodium borofluoride, to form an insoluble crystalline boro¬ 
fluoride, ArN 2 BF 4 , which is stable, easily separated, recryst alii zed, and 
dried. On gentle heating it decomposes at a definite temperature into an 
aryl fluoride, nitrogen, and boron fluoride, which can be recovered. The 
yields, which arc frequently excellent, are influenced by the groups 
present on the benzene ring. 


EFFECT ON PHYSICAL PROPERTIES 


In general, fluorine affects physical properties such as density, 
refractive index, or viscosity in the same manner as the other halogens 
do, but the effect is much smaller than that of chlorine. By contrast, 
fluorine has an exceedingly strong influence on the boiling point and on 
the melting point; and the magnitude as well as the direction of its 
effect are entirely out of line with the other halogens. 

Density. The replacement of hydrogen by fluorine increases the 
density by progressively decreasing increments. 

Viscosity The experimental data have been obtained and critically 
discussed by Swarts, 4 ’ who found only approximate, empirical rules 
rather than definite additive properties. The viscosities of some indus¬ 
trially used fluorides have also been reported. 6 **- 61 


« Wullucli. Ann.. 236. 255 (ISKli): W nllin l^nn.1 Ilcnslcr. Ann.. 243. 219 (1888). 
47 Bui/, and Schiemunn. Her.. 60. 1 iso <192#). 

44 MeiRH. U. S. put. 1.910.327 | V.A.. 27. 4539 (1933)|. 

4 » Swarts, J. chim. phya.. 28. 022 < 1931). 

M Bonning and Murkwood. Kr/riy. Una.. 37. 243 (1039)- 
41 Hovorka and Geiger. J. An,. Chcm. Soc.. 66. 4/00 (1933). 
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TABLE I 


Density Differences 



d 

Ad | 

d 

Ad 

C«Hl4. 



CsH*CftH* . 

1.156 




0.132 



0.091 

GiH^CHFCHs. 

0.792 


p-C6H5C«H 4 F . 

1.247 




0.110 



0.089 

C4H„CF 2 CH 3 . 

0.902 


p.p'-CeH^FCeH^F.. 

1.336 


CftH«. 

0.871 


CsHfcCHa.. 





0.151 


0.162 

C ft H 5 F. 

1.022 


C*H$CH*F. 

1.028 




0.131 



0.108 

m-CoILF". 

1.153 


CeH*CHF 2 . 

1.136 







0.052 




c.h*cf 3 . 

1.188 



Dielectric Constant and Dipole Moment. The first measurements of 
Watson w * M and Smyth M were critically examined, repeated, and en¬ 
larged by Fuoss,“ who listed the following values for the dipole moments: 
CF 4 , 0.0; CF 3 C1, 0.47; CF 2 C1 2 , 0.55; CFCI 3 , 0.53; CC1F 2 CC1F 2 , 0.0; 
CH 3 CF 3 , 2.27; CH 3 CC1F 2 ,2.13; CF 3 CF 2 C1,0.14; and CF 3 CH 2 C1,1.64. 

Refraction and Dispersion. These properties have been fully investi¬ 
gated by Swarts , 66 who compared a large number of fluorine derivatives 
with similar hydrogen compounds. His conclusion was that the refrac¬ 
tive increment of fluorine is not very different from that of hydrogen, and 
that the value 1.0 seems most acceptable. He also found that the atomic 
dispersion of fluorine is exceedingly small, almost zero. Similar results 
are also reported by v. Grosse . 20 

Parachor. Measurements made on aromatic substances 67 first gave 
an atomic value of 25.0 for the parachor increment of fluorine. Addi¬ 
tional experimental data made it possible to compare the parachor of 
fluorinated substances with the corresponding hydrogenated substances 68 
and to obtain a difference of 10.5 in aliphatic compounds, 9.3 in aromatic 
compounds, and 8.4 in CF 3 groups. If one accepts the constant value of 

45 Watson, Rno. and Ramaswany. Proc. Roy. Soc. (London ), A143, 558 (1934). 

M Watson, Kane, and Ramaswany, ibid., A166, 137 (1936). 

44 Smyth and McAlpin, J. Chem. Phya., 1, 190 (1933). 

44 Fuoss, J. Am. Chem. Soc.. 60, 1033 (1938). 

44 Swarts. J. chim. phya., 20. 30 (1923). 

47 Allen and Sugden, J. Chem. Soc., 760 (1932). 

44 Desreux. Dull. soc. chim. Delg.. 44. 249 (1935). 
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15.8 for hydrogen, it follows that the fluorine value is 26.3 in aliphatic 
compounds, 25.1 in aromatic compounds, and 24.2 in CF 3 groups. 

Thermodynamic Properties. The thermodynamic properties of the 
fluorinated refrigerants have been well summarized by Buffing¬ 
ton 6«. 6o. <u. 62 . 63 an( j by Benning,* 4, w who were interested in engineering 
applications for the refrigeration industry. 

Boiling Point. Table II lists the boiling points of the chlorine and 
fluorine substitution products of methane. 

TABLE II 

CCU 76** CCUF 25** CC1*F, -29** CCIF, -81* CF 4 -128** 

CHCU 61° CHCljF 9° CHClFa -41° CHF, -83° 

CHsCls 40° CH 2 C1F -9° CH 2 F* -52° 

CH 3 CI -24° CH 3 F —78® 

In this methane series, the substitution of a chlorine atom by a 
fluorine atom lowers the boiling point by 51° on an average. A s.m.lar 
tabulation, using bromofluoro-derivatives, would indicate on average 
depression of 80°. 

However, if one tabulates the compounds obtained by substituting 
fluorine for hydrogen in methane, one obtains a picture entirely different 
from that of the other halogens. Table III shows that the last two 


TABLE III 


Difference 


** Buffington und Gilkey. Ind. E»o■ t hem.. S3,,304 (1031). 

•° Gilkcy, Gerard, and Bixlcr, ibid., 23. 364 (1931). 

•' Bichowaky and Gilkcy. ibid.. 23. 300 0031). 

•* Buffington and Flcinchor. ibid.. 23. 1290 (1931). 

“ ; 32, 497 (.040); 32.00S„040, ; 32 

"‘"Sn,, McHarnc. Markwood. and Smith, ibid.. 32. 970 (1940,. 
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fluorine substitutions actually lower the boiling point whereas other 
halogens invariably raise it. This raising and lowering of the boiling 
point caused by a substitution of fluorine for hydrogen is further illus¬ 
trated by comparing the compounds of Table II in a diagonal fashion, 
as for instance: 

B. P. CC1H, -24° CClFHj -9° CC1F,H -41° CC1F, -81° 
Difference +15 —32 —40 

The same general considerations prevail in the ethane series; that is, 
the substitution of a chlorine atom by a fluorine atom invariably causes 
a 42° depression, while the effect obtained by substituting fluorine for 
hydrogen atoms may be either a raising or a lowering of the boiling 
point, as shown in Fig. 1. In this case the second fluorine substitution 


CHiCHi -89° 

+i, l 

CHjCHjF —38® 



CH»CHFj -25° CHjFCH»F +10® 



CH»CFj -47® CHtFCHFi +5® 



CIIFjCFj -48® 

-i 


CFjCFj -79® 
Fio. 1 


still causes the boiling point to rise but by different quantities, depending 
on the place of the second fluorine in the molecule; the third and fourth 
substitutions raise or lower the boiling point, depending on the place of 
the substitution; the fifth and the sixth lower the boiling point. Higher 
members are subject to the same kind of observations, for which no 
satisfactory explanation has yet been advanced, and the same effect 
can be observed in the polar fluorides of Table IV. 
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TABLE IV 


CHjCHjOH 78° 
CH 2 FCH 2 OH 103° 
CHFjCHjOH 96° 
CF 3 CH 2 OH 78° 


CH 3 C0 2 H 117° 
CH 2 FC0 2 H 165° 
CHF 2 COjH 134° 
CF 3 C0 2 H 72° 


The boiling points of homologs differ by about 30°, as shown in 
Table V. 

TABLE V 


CH 2 F 2 -W 
CH 3 CHF 2 —25* 
Q,HsCHF 2 +6® 


CflHnCHF- 120' 


CH 3 CF.CHj o- 
CH*CFjC*H4 31 * 
CH 3 CF 2 C 3 H 7 60- 


Freezing Point. Fully hologenatcd compounds invariably give well- 
defined, soft crystals. In contrast, compounds which contain hydrogen 
in their molecules thicken to a glass at low temperature and crystallize 
with difficulty if at all. However, compounds which accumulate all 
Thct hydrogen on some carbon atoms, and all the halogens on other 
carbon atoms, do crystallise easily and them melting pomt. are su - 
prisingly high. For example, CH 3 CF a CCI 3 melts at +->2 . "htle 
CChCFaCCla melts at — 5°. 4 *- a * w . 

4hc homologous series of Table VI present alternatmg freeing po.nts 
similar to those of the low paraffins. 


TABLE VI 


CF 3 II 
CFaCII.i 
CF3C2I h 


-163* 

CF, 

—186® 

-107* 

C,F. 

—100* 

-148- 

CjF« 

—183® 


C»F«o 

-84- 


CII« —183” 
C-H 6 -172- 
CjH* -187- 
C 1 H 10 -135- 


Among fully l.ulogeuoted com|>ounds, the accumulation of the fluo¬ 
rine atoms at the ends of the molecule always causes the melting pomt 
to be higher than that of isomers with fluorine atoms spread over he 
several carbon atoms of the molecule, or accumulated m its middle - 
This effect is increased when the fluorine atoms become more nu.neroua 
Empirical rules based on analogies arc eas.ly derived, but satisfactory 
reasons have not yet been advanced. 

.. M«-Bee. Hcnno, If him. and ^ 

« Henno. Wiwt. u.i.l Ha«ckl. unuuMwIied "**•*""• 
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TABLE VII 
Freezing Points 


Difluorides 

Trifluorides 

Tetrafluorides 

CC1 3 CC1 2 CC1F 2 

+50° 

CCI 3 CC1 2 CF 3 

+ 100° 

CC1 2 FCCI 2 CF 3 

+41® 

CCI 2 FCC1 2 CC1 2 F 

+30® 

cci 2 fcci 2 ccif 2 

-5® 

CC1F 2 CCI 2 CC1F 2 

-42® 

CCl 3 CF 2 CCb 

-5° 

. . . . . 

cci 3 ccifccif 2 

CCI 2 FCF 1 CC 13 

-18° 

-89® 

CCl 2 FCClFCClF a 

CCI 2 FCF 2 CCI 2 F 

-58® 

-96° 




CHEMICAL PROPERTIES 

Classification. In order satisfactorily to account for the chemical 
behavior of organic fluorides, it is convenient to divide them sharply 
into two classes, monofluorides and poly fluorides. Monofluorides are 
characterized by their instability and their tendency to lose hydrogen 
fluoride, which automatically generates an unsaturated residue and 
therefore gives rise to olefins, polymers, or condensation products. By 
contrast, polyfluorides are exceedingly stable and often physiologically 
inert; chemically, they are indifferent or sluggish and resist oxidation 
particularly well. These properties are so marked that they place the 
polyfluorides in a class by themselves. For instance, the physiological 
inertness of (’< 'l 2 F 2 has been illustrated by keeping animals for weeks in 
an artificial atmosphere of 20 per cent oxygen, 40 per cent nitrogen, and 
10 per cent ('('l_d ’ 2 without any visible effect. The resistance to oxida¬ 
tion can be illustrated by passing CF 3 CTI 3 through fuming nitric acid at 
150’ and recovering tin* trifluoride quantitatively. 6 * 

It should be emphasized that a polyfluoride is stable only when the 
various fluorine atoms (or at least halogen atoms) are grouped together. 
In this respect C*H 3 CIIF 2 is a typical polyfluoride and is stable, while 
CIIoFC IFF is better regarded as a double monofluoride and is therefore 
particularly likely to lose hydrogen fluoride.” In CC1F 2 CC1 2 F both 
groups are poly fluorides; it is possible, however, to establish a gradation 
and show that tin* inertness of the C('1F 2 group is more pronounced than 
that of the CCLF group. For instance, a treatment with aluminum 
chloride yields CT’laCClFo in fair yields, before it produces CC1 3 CC1 3 . 69 * 70 

Monofluorides, i he instability of the monofluorides, which compli¬ 
cates their preparation, can, however, be turned to advantage in syn- 

68 Hcnnc nml Or chin, unpublished results. 

68 Hemic nnd Newman. J . Am. Chan. Sue.. 60. 1097 (193S). 

70 Miller, ibid., 62. 993 (1940). 
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thetic reactions. A primary monofluoride tends to decompose into an 
olefin and hydrogen fluoride, but since the reaction can be reversed and 
the recombination occurs in accordance with the rule of Markowmkoff, 
this property leads to isomerization. 


RCH 2 CH 2 F -> RCH=CH 2 + HF 

Normal fluoride 


RCHFCH3 

Isofluoride 


A secondary fluoride loses hydrogen fluoride more readily, and a tertiary 
fluoride even more so, but recombination does not lead to isomerization. 
Cyclohexyl fluoride behaves as a typical secondary fluoride. Fluoro- 
stearic acid, CH 3 (CH 2 )eCHF(CH 2 ) 9 C0 2 H, and difluorosteanc acid, 
CH 3 (CH 2 ) 0 CHFCHF(CH 2 ) 8 CO 2 H, have, however, been represented as 
stable compounds. Isomerization by double-bond displacement has also 
been observed; this is brought about by the same mechanism of sue- 
ccssive additions and eliminations: 


RCHjCHjCHjF —* RCHsCH—=CHj — RCIIjCHFCHj — 

RCH—CHCH, — RCHFCHjCHj 


When hydrogen fluoride cannot be eliminated from two adjacent 
carbons, it is eliminated by taking one fluorine from one me 1 locale, and 
one hydrogen from another. This leads to condensation; «■ for exam- 

P ,C: .1 

II H I 

F ;_i_i H + F •—c— H + F -c- H - (-CHC.H.-)„ + HF 

c.m c.iu 


I 


C.H, 

The same elimination may take place between molecules of different 
compounds, and it also leads to condensation. 

Celle + CjIKF -> C.IUCiIU + HF 
Celle + CHjCOF — CelWCOCIIi + 1IF 

The equivalent of a Fricdcl-Crafts condensation is therefore obtained, in 

the absence of aluminum chloride. 

One may carry this a step further by forming a monofluonde as an 

intermediate only. 

Celle + CH*=CH* + HF (Celle + CH 3 CH 2 F) C.IUC.H* + HF 

CeHe + CH 3 CH 2 OH + HF — 

(Celle + CHjCIIjF + H 2 0) — C«HeC 2 H 6 + HF + H 2 0 

71 Hcnnc und Uiccstcr. ibid.. 60, 8G4 (193S). 
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This mechanism, though not generally accepted, seems particularly well 
supported by the fact that, in the presence of h 3 'drogen fluoride, benzene 
and propj'lene give isopropylbenzene, while benzene and cyclopropane 
give normal propylbenzene. It is essential that the experimental condi- 
tions be controlled to prevent isomerization of the intermediate fluoride, 
because, otherwise, this isomerization leads to an incorrect interpreta¬ 
tion of the reaction mechanism. Additional supporting evidence is the 
preparation of benzoylbenzoic acid by interaction of benzoyl chloride and 
antimony fluoride. 72 In this reaction, all the intermediate products have 
actually been isolated. 

3C'«H»COCI + SbF # - 3C«H*COF + SbCl, 

('•IltCOF + C'iHtCOCl - C«H*COC e H 4 COCI + HF 
('•IltCOF + C'«HiCOCI - C«H *COC cl I 4 COF + HC1 
( a ell«COC.H«COX + H*C - C«H»C0C«H 4 C0 2 H + HX 

Several cyelizations have been descril>ed, which were brought about 
bv hydrogen fluoride. 7 *- 7< - 7S - 7 ® The hypothesis is here advanced that 
the mechanism of the reactions is not a mere dehydration but consists in 
forming an intermediate acyl fluoride, which reacts with the ring com¬ 
pound in typical Friedel-Crafts fashion. 

Cyclical ion of y-Arylbulyric Acids or 0-Aryl propionic Acids. 




77 Voznesenskii. ./. Gm. Chvm. (L'.S.S./C.t. 9 . 21-18 <1*»3!M. 

71 Calcott. Tinker, mid Wcinmnyr. J . Am. Chrnt. Sor.. 61. !MU (1939). 

• « Fioscr and HowMhtk. t'-n/.. 61. 1272 (1939). 

74 Fioscr and JohiiMii. ibid.. 61. 1047 (1939*. 

Tft Fioscr and Cason, ibid.. 61. 1710 (193V). See also Fioscr and Gates, ibid.. 62, 2335 
(19-10). 
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I nlermolecular Acylations. In this case, the formation ol 
CH 3 CHFCH 0 COF as an intermediate is postulated. 


gp 

CHrCH, 


+ CH,CH:CHCO, 


°^C—CH:CHCH, °*C—CH, 

w - w ”' 


CHr-CH, 


CHpCH, 


When a saturated acid is used, it links to the - nstead of ‘^-position, 
and the reaction stops when the open-chain Icetone w obtained. 

Directional Cyclization. The cycl.wt.on of r^^Xht about bv 
tvric acid cives a benzanthracene derivative when it is brought about by 
hydrogen fluoride, while it gives a chrysene derivative when it is caused 

by zinc chloride. 


HiC 

HjC 


? 

1 

"c 


icx9 





"K(g 


3 

been ■^^ “^dy by di^ ( other chloroflu- 

being placed on ,^ rn ,X|v in ^ti K a.ed to establish their lack of UHik- 

can be administer in large doses 

" "Tents to Show Toxic -°' W ‘ 1W “* #WB 

*“-■ H *“ rj n - 8975 ua;u ’ 

” Ibid., No. 2030 (1935). 

"Ibid.. No. 2260 (1931). 

United States Bureau of Mines K. I- • ■ 
n Brouner. J. Pharmacol.. 69. 2 (1037». 
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without ill effect although it is not so thoroughly inert as CC1 2 F 2 . FIuo- 
roform is completely inert and has no soporific effect, in complete contrast 
to chloroform. 33 

The chemical inertness of the polyfluorides is illustrated by the com¬ 
plete failure to hydrolyze any halogen atom in CC1 2 F 2 and by the fact 
that this fluoride can be passed through molten sodium without causing 
the metal to tarnish; 43 the inertness of the two fluorine atoms is thus 
shared by the chlorine atoms linked to the same carbon atom. The sta¬ 
bilizing effect of the fluorine extends to halogens linked to a carbon atom 
once removed; for instance, ethyl iodide is easily hydrolyzed, while a 
treatment with water and mercuric oxide, in a sealed tube at 140°, for 
one week, is needed to convert CHF 2 CH 2 I to difluoroethanol. 84 Another 
illustration is the total indifference of the chlorine atoms in CC1 3 CF 3 to 
any t realment involving silver salts or oxides." The resistance to oxida- 
tion is apparent in a comparison of toluene and trifluorotoluene; chromic 
oxide acts rapidly on toluene to oxidize the side chain and yield benzoic 
acid, and it leaves the aromatic nucleus intact. Conversely, trifluorotol¬ 
uene, CoH 5 CF 3 , resists oxidation much better, but long heating with 
chromic oxide breaks the ring, to give trifluoroaeetic acid in 60 per cent 
yield. 85 

The resistance to oxidation Is apparent even in olefinic derivatives, 
hor example, CH 2 =CF 2 can be mixed with oxygen in a glass container 
and exposed to sunlight for weeks. After completion of the experiment 
it can bo recovered quantitatively and the glass is not even etched. 84 
Rv contrast CH 2 =—CCI 2 is so unstable that it can hardly be prepared; it 
polymerizes and oxidizes readily. Intermediate properties are exhibited 
by CH*—CCIF. Ozone causes a conversion to acyl halides: 

CBr--CHF —> CIIBrFCOBr 

CBrF= CBrF —> CBr 2 FCOF 88 


Poly fluoride groups have a marked directing influence. In sharp con¬ 
trast with CII 3 , a CV 3 side chain is a powerful agent to direct substitution 
into the nu to position.* 7 A single fluorine atom in the ring, however, 
directs a substituent to the ortho and para positions, and favors para over 
ortho replacement. 

The chlorination of CTI 3 CF 2 CH 3 is a well-defined, stepwise reaction. 


83 Midglcy and Hcune. I rut. Eny. i’hcm., 22. 542 (1930*. 

** Swarm, Hull. c/'i'. ««r .no. Ac,./. r ,»j. (1 j 3. 3S3 (1901) : [41 4, 731 (1902) 

84 Swarts, ibiil., [5] 8. 313 (1922). 

88 Swurtd, ibid., [3) 36. 532 (1S9S). 

87 Swarts, ibid., 15J 6. 3S9 (1920). 
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whose successive steps are CH 3 CF 2 CH 2 C1, CH 3 CF 2 CHC1 2 , CH 3 CF 2 CC1 3 , 
CH 2 C1CF 2 CC1 3 , CHC1 2 CF 2 CC1 3 , and CC1 3 CF 2 CC1 3 . At no stage is 
there any indication of the presence of the other possible isomer, which is 
in complete contrast with the chlorination of propane, a completely ran¬ 
dom reaction . 40 Similarly, the chlorination of CF 3 CH 2 CH 3 yields 
successively CF 3 CH 2 CH 2 C1 — CF 3 CH 2 CHC1 2 — CF 3 CH 2 CHC1 2 — 
CF 3 CH 2 CC1 3 , CF 3 CHC1CC1 3 , and CF 3 CC1 2 CC1 3 . 21 

Another effect is that of increasing the acid properties of an adjacent 
hydroxyl group. Trifluoroacetic acid is a very strong acid, considerably 
stronger than trichloroacetic acid. Similarly trifluorootHanoi and tri- 
fluoroisopropyl alcohol show acid properties similar to those of a phenol, 
and both decompose carbonates and bicarbonates to make a metallic 
alcoholate. Although it is quite acid difluoroethanol acts only sparingly 

on a carbonate.* 4, “• w 4 , 

In general, polyfluoride groups arc indifferent to most reagents and 

about the only compounds capable of withdrawing the fluorine atoms 
from the organic molecule are derivatives of aluminum. 1 his is illus¬ 
trated by the possibility of converting trifluorotoluene to tnchloroto none 
by means of aluminum chloride.” More evidence of the stability of 
the CF 3 group appeam in particularly drastic reactions. Form.stance 
the passage of CCl a F 2 through the electric arc gives i rise to O Cir, , and 
C 2 F a , while CF, gives mostly C 2 F f „ together with C 2 1_ 4 . pother 
particularly striking reaction is the preparation of C 2 F 6 by electrolysis of 

trifluoroacetic acid/* . , . 

In order to satisfy himself that the properties reported for fluoroform 
were correct, Swarts undertook, shortly before his death, and .success¬ 
fully completed the following series of reactions. He thereby illustrated 
the stability of the CF 3 group.* 5, 9J ‘ 91 


CF a C fl H 6 —> 


n.-CF,C«II«NO, -r~q- > m-CFjCflHflNHt 


go*:. 


CrO» 


CFaCOiH 


ioo *:: 


CFaCOOCjIIb 




CII«COOC*II» 

NaOCjH* 


CFaCOCHaCOOCaHb 




CFflCOCH* 


Bum 


HCFs 


•• Swart*, Dull. *oc. Chim. B<lo . 38. 90 (1029). 

** Swart*, ibid., 43. 471 (1934). 17*1 (1933) 

•° RufT and Brctochncidor. Z. an»rg. mUgtm. ( «' • „ ( H)33, 

Thornton. Burg, and Scblcsi»Kcr. •/• ^‘ 

« Swart*. Bull. cbissr sei. Acad. r»u- B*to 1*1 17 • - 7 (l h 
•* Swart*. ibid.. 15) 12. 079 (1920). 

••Swart*, ibul.. 16] 13. 176 (1927); and private communication. 
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Relation to Atomic Distances. No single physical property can ex¬ 
plain all the chemical effects. However, a consideration of the atomic 
distances in organic fluorides leads to a remarkable parallelism. 

In the methane series, the atomic distances of all the possible chlo¬ 
rides, fluorides, and chlorofluorides have been measured by means of 
electron diffractions, with the following results. 95 


TABLE VIII 
Atomic Distances 
(In angstrom units) 



C—F 

C— Cl 

1 

C—F 

C—Cl 

cell. 


1.76 

CHCla. 


1.77 

CClaF. 

1.40 

1.76 

CHClaF. 

1.41 

1.73 

CClsFs. 

1.35 

1.70 

CHClFa. 

1.36 

1.73 

CCIFs. 

1.35 

1.70 

CHF 3 . 

1.35 

• • • • 

CF*. 

1.36 





CHaCIa. 


1.77 

CHnCI. 


1 77 

CIIcClF. 

1.40 

1.76 

CH*F. 

1.42 

x . # • 

• • • • 

CHaFa. 

1.36 












In every series it appears that, with the entrance of the second fluorine 
into the molecules, the carbon-to-fluorine distance is appreciably short¬ 
ened and, moreover, the carbon-to-chlorine distance is also decreased. 
This creates a more compact molecule, from which it is considerably 
more difficult to extract or substitute any constituent part. Although 
this parallelism is not presented as the explanation, it is offered as an 
important element of it. 


PRACTICAL APPLICATIONS 

At the time of writing, only polyhalides have been put to wide com¬ 
mercial applications, of which their use as refrigerating agents is by far 
the most important. Their physiological inertness is particularly valu¬ 
able in the air-conditioning field, where leakage of the refrigerant into 
the atmosphere might cause accidents if the compounds were toxic, or 
might create panics in large audiences if the compounds had a pungent 
odor, even if the amounts accidentally released were too small to create 
a real hazard. T he fact that the polyfluorides used are chemically stable 
and are rot combustible increases their safety factor. 

# * Brockway. J. Phys. Chcm., 41. ISo U037>. and dcquencc. 
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Another use which is gaining ground is in dyes which bear a poly- 
fluorinated group somewhere in the molecule, because the presence of 
the fluorine increases the resistance to oxidation and hence prevents 
fading The widest present application seems to be the red dye of the 
official German flag « It bears a CF 3 group on a naphthyl radical 

The practical use of monofluorides, cither as such or as intermediates, 
is a more recent development, which is just now undergoing semi-scale 
factory investigation. There seem to be two main applications, petro¬ 
leum refining and hydrocarbon synthesis. . 

In petroleum refining, the scheme is to add a small amount of h>dio- 
gen fluoride, which causes the highly ....saturated gum-forming hydro¬ 
carbons to polymerize or to condense with more saturated ones. 
Monofluorides are presumably the intermediate agents; at any rate 
the resinous material settles rapidly and can be decanted sooner and 
more easily than it. the customary sulfuric acid refining. 

In hydrocarbon synthesis, the scheme consists in causing the equi\ . 1 - 
lent of a Friedel-Crafts condensation, either between an aliphatic and an 
aromatic derivative, or between two aliphatic compounds Details 
of experimental conditions and results are jealously gua.d.d b> the 

‘"^successful commercialization of fluorides is due .0 two important 
industrial developments, a continuous method of mam.fai; tunng; an>- 
drous hydrogen fluoride economically and a continuous method of .. . o- 
during fluorine into organic molecules; both are we 
patents- the features of the second method are sul.stan .all> as follows. 
‘ 1 When antimony fluoride is used to introduce fluorine into an 

organic chloride, it is transformed into antimony chloride; anl.monj 
chloride can be acted upon by hydrogen fluoride to regenerate antimony 

fluoride and give hydrogen chloride as a by-product. 

2 Advantage can easily be taken of the fact that each fluorine sul- 

stitution lowers the boiling l*>i... by some 40° to aO I 
is carried out in a reaction vessel equipped with a dephl.Mi..Hor, 1 
more volatile fluoride can Is- allowed to distil off as form"'. w Mr 
chlorides will reflux back into the reaction dumber, furtlur »«» '•> 

iortod to the source of fluorine.* 9 . . 

The combination of these two principles is illustrated ... the maim- 
f , , f ('(' 1 I? A reaction vessel, fitted with ji dephlegmntoi, i> sup- 
phed Wit!, a quantity of antimony sal,. Hydrogen fluoride and car.. 

•• Soberer. A ng. w. Chrm., 62. 4-17 (1039'. 

.. KL.rj.sch, U. * P-t. 2.070.M F jJj £ «»J ‘ 

« V. S.V.. 1' - • **• 
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tetrachloride are continuously fed into it. The reaction generates 
CCI 3 F, CC1 2 F 2 , and HC1, and, if the dephlegmator is properly adjusted, 
substantial separation of the CC1 2 F 2 and HC1 from the CCI 4 and CC1 3 F 
is accomplished. The HC1 is removed from the discharge of the dephleg¬ 
mator by passage through water, and after a relatively simple fractional 
distillation pure CC1 2 F 2 is obtained. 

ANALYSIS 

In general, fluorides are difficult to analyze correctly, except in closed 
systems. The reason is that the unstable fluorides may lose hydrofluoric 
acid too easily, while the stable fluorides may escape the field of reaction 
before they are acted upon. 

Gaseous compounds can be analyzed by passage over red-hot sil¬ 
ica. 100 * 10 This treatment decomposes the organic compounds to make 
silicon tetrafluoride, which can be absorbed in an alkaline solution, in 
which the fluorine ion can be titrated. Liquids or solids can be decom¬ 
posed with sodium peroxide in a Parr Bomb 10 or with calcium oxide in a 
tightly closed steel tube brought to red heat. 43, 101 Other methods are 
generally cumbersome and inaccurate. 
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INTRODUCTION 

Formulas of the molecules of organic compounds which show the 
arrangement of their constituent atoms are called structural formulas. 
The methods used in the determination of these structural formulas are 
based upon certain well-known principles. Often in the application of 
these fundamental concepts it is necessary to carry out chemical reactions 
which involve addition, substitution, and the elimination of simple 
molecules such as nitrogen and water. In such organic reactions it 
seldom happens that quantitative yields of the desired products are 
obtained. Side reactions occur, and in many instances the compounds 
so produced arc the main products of the reaction. Two illustrations 
may be given to show to what extent this may take place: (a) the prepa- 
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ration of tertiary butyl compounds from isobutyl alcohol and its de¬ 
rivatives; (6) the action of nitrous acid on neopentylaminc which pro¬ 
duces none of the corresponding alcohol but yields dimethylethylcarbi- 
nol. The compounds produced by such “side reactions” are generally 
the result of rearrangements of the molecules or of their fragments during 
the reaction process. Therefore, it is of great importance in all phases 
of organic research to have a knowledge of these rearrangement proc¬ 
esses, to study the various mechanisms which have been proposed to 
account for these changes in order that one may be able to foresee when 
rearrangements arc to be expected, and to know with certainty when 
they have taken place. Failure to do this has caused the best of investi- 

gators to make unfortunate mistakes. 

In order to outline definitely the scope of this discussion, and for 
purposes of greater clarity in what is to be written later, it is to be under¬ 
stood that in this chapter the term "rearrangement refers to an irre¬ 
versible reaction which produces a change in the structun.1 arrange¬ 
ment of the molecule with or without the elimination of simple mole¬ 
cules such as water or a hydrogen halide, and which may or may not 
be unimolccular in its nature. Therefore, subjects such as inutarota- 
tion, racemization, Walden inversion, and tautomerisrn will be omitted. 


ions 


They arc essentially reversible processes. 

With this definition in mind it is readily seen that transforms.,, 
of this kind arc very common in organic chemistry; in fact they have 
been observed ever since Wohler published Ins synthesis of urea. by a 
molecular rearrangement of ammonium cyanate. C onscquontly, it will 
be impossible in the scope of this chapter to enumerate and to discuss 
all classes of compounds which undergo a change ... the atomic arrange¬ 
ment of their molecules during various reaction processes. In this par¬ 
ticular study of the subject a different approach is necessary. 

A careful examination of the many hypothesis ami theories which 
have been enunciated to explain the mechanisms of various rearrange- 


ment processes shows that most of these explanation* cun be classified 
into two groups: (1) Those older interpretations which assume in one 
form or another the formation of intermediate compounds during the 
reaction. In these explanations the intermediate compounds which are 
l„. formed vary widely. In some eases they take the for... of 


assumed lo be formed vary widely ... . . .. 

rings such as cyclopropane and ethylene oxide. In otl.em olol.mc com¬ 
pounds are assumed to be the find products of the reaction and ... still 
others investigators have assumed the intermediate formation of biva¬ 
lent carbon compounds, etc. (2) Those more recent points of view which 
would explain all rearrangements on a common basis of free radicals or 
of ions, or of an electronic mechanism which does not involve the for- 
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mation of any intermediate compounds during the rearrangement. It 
is now the purpose to discuss these more modern points of view and 
where possible for the purpose of illustration to apply them to various 
classes of compounds which have been found to undergo rearrangement. 
For a discussion of the older interpretations the reader is referred to 
Chapter 8 of the first edition of this treatise. 


THE CONCEPT OF THE FORMATION OF FREE RADICALS AND OF IONS 
AS INTERMEDIATES IN MOLECULAR REARRANGEMENTS 


In 1859 Fittig 1 published the results of a series of experiments which 
he had made in a study of the reducing action of sodium on acetone. 
The compound pinacol was obtained. In the following year he pub¬ 
lished a paper which showed that if this substance be heated with sul¬ 
furic acid a ketone, pinacolone, is produced. 


,0 


(CHa)jC C(CHj)s 


t r 

> (CH 3 )aC—C—CHa 


OH OH 


Numerous examples of this reaction, now known ns the pinacol rear¬ 
rangement, have been found since the time of Fittig’s discovery, for 
not only has the mechanism of the process involved in the rearrangement 
been the subject of much discussion, but also it has been recognized 
that in this reaction there is a method for comparing the migrational 
tendency of different groups, and thereby getting data which will throw 
light on the problem of affinity distribution in molecules. It is therefore 
feasible to cite a few typical illustrations to show the extent to which 
this rearrangement has been studied. 


PinacoLs of the type ^Rj have been prepared in which 

OH OH 


Hi, R2, H3, and R 4 are aliphatic or aromatic groups. Symmetrical 
pinacols of the aromatic series have been obtained by Gomberg and 
Bachmann - by a method which involves the use of a mixture of mag¬ 
nesium and magnesium iodide to reduce the ketone. Unsymmetrical 
pinacols of necessity have to be prepared by other methods. Extensive 
studies have been made on the rearrangements of these compounds in 
order to determine the nature of the ketones which are formed. Many 

1 Fittig, Ann., 110, 23 <1$59>; 114, 5G (1S6™ 

2 Gomberg and Bachmann. J. Am. Chcm. Soc.. 49. 230 (1G27). 
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investigators * have tried to formulate rules which can be used to predict 
with some degree of certainty the course of the rearrangement when 
the four groups are different. Most of these attempts have failed, for 
the ease with which different groups migrate within the molecule is not 
wholly a property of the group itself, but is dependent to a varying 
extent on the molecule as a whole. In the symmetrical pinacols of the 
aromatic series the differences in “migration aptitude” of the groups 
are more constant. Bachmann and Moser 4 have made an extensive 
study of the rearrangement products of certain pinacols of this type. 
Their results are of special interest, and a summary taken from their 
paper is listed below. A deduction of the relative “migration aptitude” 
from the values thus obtained has enabled these investigators to pre¬ 
dict with a good degree of accuracy the yields of the ketones which other 
symmetrical aromatic pinacols should give. Thus, they predicted that 
the pinacol 

p-BrC«H«> s ^ ^C«H«Br -/> 

p-C.H*C.H/ / | I ^CeH4C.I U-P 

OH OH 

upon rearrangement would yield a mixture of ketones showing 6 per cent 
migration of the p-bromophcnyl group and 94 per cent migration of 
the biphenylyl group. In an actual experiment it was found that the 
rearrangement took place with 4.5 per cent migration of the p-bromo- 
phenyl group and 95.5 per cent migration of the biphenylyl group. Such 
results indicate that in the symmetrical pinacols the migration aptitude 
is dependent to a large extent on the particular group, and not on the 
molecule as a whole. Studies by other investigators* have led to a 
similar conclusion, and lists have been made which arrange the groups 
in order of decreasing migration aptitude. One such list 6 goes as follows: 

p-anisyl > p-tolyl, p-biphcnylyl, o-naphthyl > 
p-isopropylphenyl > p-cthy I phenyl, p-fluorophcnyl > plicnyl, 

I p-l>roinophcnyl, />-clilorophcnyl > o- or m-chloro- or 
p-iodophcnyl > j bromophcnyl, m-tolyl > m-anisyl. 

However, it should be noted that as yet no rigid rule can be formulated 
to predict the extent of the migration of the groups when the pinacol is 
unsymmetrieal. Even in the symmetrical pinacols other factors play 

* 8eo Ann. He,,!*. Chrm. Soc. {London). 27. 114 (1930). for a review of this subject u..d 

for a compilation of rcfcrcncei*. 

* Bachmann ur..l Mover. J. Am. Chen,. .W-. 84. 1124 (1932). 

* Ann. Itejila. Chtm. Soe. {London). 27. 118 (1930). 
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Migration of Groups 


Pinacol 


P-CHr-C a H 4 


. « 


OH 

[ P-CHt—CtHfs. “I 

pCdU—CtiiS | 

[ 


wi-CH*—C*H 4 


Y] 
Y] 


|* wi-CIIj—C 4 II 4 

#hC«II*—c*h 


Group 


P-Tolyl 

Phenyl 

P-Tolyl 

p-Bi- 

pbcnylyl 

wi-Tolyl 

Phenyl 

m-Tolyl 

phcnylyl 


Migra¬ 

tion 


94 

0 

57 

4.1 

CO 

34 

13 

*7 


Pinacol 


[ KHr-O-CtH,. 


? 


|-p-CH,—O—C,H 4n ^ "I 
C*ll 4 // | 



Group 


p-Anisyl 

Phenyl 

p-Aniayl 


p-Tolyl 

p-Chloro- 

phenyl 


Migra¬ 

tion 


1.4 
90 7 

3.3 
90 8 

3 2 
82 


an important role in the rearrangement of the groups. For instance, 
Bachmann and Stcrnberger* have shown that when the biphenylene 
group is present the order and the extent of migration are reversed to 
those in the above table, and when unsymmetrical pinaeols are studied 
the results 7 show no simple relationships. Therefore, it is evident that 
more data arc necessary before all factors which govern the extent of 
these changes are known. 

The pinacol rearrangement also takes place in other classes of glycols. 
Compounds of the type 


R 


•OH 


/— /OH /OH 

^/>C~CH,OH und R—CH-CH—C*H 5 


have been prepared. These molecules undergo rearrangement 
under varying conditions. For example, 2-methyl propanediol-1,2, 8 

y'OH 

(C’Hj)»C CHjOH, gives isobulyric aldehyde, (CH 3 ) 2 CH—CHO, when 
heated with water at 180-200° in a scaled tube. Wien hydrobenzoin, 5 

* Burlimaim und Sternt>er K cr. J. Am. Chen. Snc.. S5. 3S21 (1933). 

* Bachmann and Stcrnbcrgcr. ibid., 66. 170 (193-?, 

* No vole. Her., 9. 448 (1870). 

* Brevier and Zinckc, .Inn., 198, 141 (1879). 
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/OH /OH 

CeHiCH_CHCeHfc, is warmed with sulfuric acid, diphenylacetalde- 

hydc, (C 6 H 6 ) 2 CH-C^O. is obtained in good yield. Compounds of the 
/OH /H 

type j>C——C—O also give rearrangement products. Danilov'" 

has shown that, when an aleoholie solution of benzilic aldehyde, 
/OH 

(CeHfcbC—-CHO. is warmed with a small amount of sulfuric acid, 
H QJJ Q 

benzoin, C-C.ll, i* produced. Semi-pinacols ■■ undergo 

this type of rearrangement. Thus l-phenyl-2-propylpcntaned.ol-l,2, 
/Call 7 

C«HiCH(OM)COH, h, the presence of cold sulfuric acid gives 
Xc *»’ O 

5 -phcnyloctanonc-l, If. however, hot dilute 

sulfuric acid is used *2* the rearranging agent a ^i-hydrobenzoin 
change occurs, and phcnyldi-«-propylacct aldehyde, C,I1 : -C-C-U. is 

CdlK 

formed. It should also be pointed out that this pinaeol type of re¬ 
arrangement is not necessarily confined to straight-chain compounds 
In a study of the condensation which takes place betueen mu, 
substituted ureas, and benzil Billz“ has P'-'Pared cyclic compounds 
of the following type and has found that they undergo rearrangement ... 

c.m 

no—c- -n-R 


^> 0-0 


lio-c-N—R 

I 

C.IU 

the presence of sodium hydroxide. For example, 4,5-diphonyIglyoxa- 

lone glycol gives diphcnylhydantoin: 

10 Danilov. IU,.. 60. INiiMJ HW£7>. 

•' Tiffoncau urwl lx-vy. Hull. «»<■- chtm.. |4| 33. 7.16 (19- »• 

» Biltz, fler., 41. 13W <!<">*• 
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4, 5-Diphenylglyoxalone Glycol 


(C*H & ) 2 C-NH 

^>c=o 


■NH 


Dipbeaylbyd&Dtoia 


Many other examples 13 of this type of rearrangement in cylic com¬ 
pounds are known, but the underlying principles involved are essentially 
the same. 

These few typical illustrations of the pinacol rearrangement have 
been given not only to show how very common conversions of this kind 
arc in organic chemistry, and to what extent they have been studied, 
but also to show how important it is that chemists have an understand¬ 
ing of the mechanism of the processes by means of which such rearrange¬ 
ments take place. Many reactions which at first sight seem to be very 
different arc found in reality to be very similar in their nature and can 
be grouped together and explained on the basis of a common mechanism. 

A survey of the literature shows that in the hypotheses which were 
first put forward to explain rearrangements of this type attempts were 
made to avoid the assumption that atoms and groups within a molecule 
can undergo a direct interchange. Investigators in this field preferred 
to assume that such reactions involve the formation of relatively stable 
intermediate compounds. As stated in the introduction these com¬ 
pounds take the form of cyclic rings. For this particular rearrangement, 
cyclobutanc and ethylene oxide intermediates were assumed. For other 
types of rearrangements cyclopropane derivatives and olefins were 
postulated. As further studies were made, however, on compounds 
which undergo these irreversible reactions involving a change in the 
structural arrangement of the molecule, facts were found in abundance 
which clearly showed the fallacy of this basic idea and the dangers in¬ 
volved in making such efforts. As a consequence of the limited applica¬ 
bility of such concepts there has emerged the fact that “step by step” 
mechanisms of these types cannot be used to formulate changes which 
so often take place within the molecule itself and which are intramolec¬ 
ular in their nature. Therefore, it is not surprising to find that investi¬ 
gators have adopted a different view and that as a result hypotheses of 
a different type have been formulated. 


13 Mcorwein. Ann., 396. 211 (1913). See also. Porter. -Molecular 
Chemical Catalog Co., New York (1928). 


Rearrangements," 



973 


MOLECULAR REARRANGEMENTS 

The theoretical and experimental investigations of Nef M contributed 
greatly to this change in ideas. It is now recognized that the chemistry 
of bivalent and trivalent carbon plays an important role in many fun¬ 
damental reactions of organic chemistry. Applications of these con¬ 
cepts have been made to the reaction mechanisms involved in molecular 
rearrangements, and today it is found that many theories have been 
advanced which in one form or another assume dissociation of a mole¬ 
cule into fragments. .... , 

Nef was the first to explain rearrangements on this basis. Cyclopro- 
pane may serve as an example. It is to be recalled that when this com¬ 
pound is heated in contact with certain catalytic agents propylene is 
formed A dissociation into active molecules containing free valences 
is first assumed to take place. In this active state migration of a hydro¬ 
gen atom occurs, and propylene is produced. Nef formulated the various 
steps as follows: 


CH* 

CHj—^CH j H “‘ > —CH,—CH,—CH; 


diaaoriation 

Rearrangement 


Further 

dissociation 


> CH,—CH—CH 


CH,—CH— CH* 


—CH*—CII—CH; 

H 

He advanced a similar mechanism to explain the rearrangement of 
propylene oxide into acetone and propionaldehyde. 

O— 

— CII»— C—CHr— 

I 

H 


CHj—CH—C li 


CHi 


-CH—CII, 




CIIj—C—CH: 

I 


CH,C—CH, 


I I 

ClIj-CH-CIIj-O — CII,—CH CH O 

I 1 11 

1 H 

_ CHr—CH,—CII—O CII,—CII,—C=0 
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Since no detectable amount of vinyl methyl ether is formed in the re¬ 
arrangement it was concluded that a dissociation involving a cleavage 
of the carbon-carbon bond did not take place. 

Nef also assumed predissociation in his mechanism for the benzilic 
acid rearrangement. 16 Although his particular formulation has had to 
be abandoned because of facts subsequently discovered, Schroeter 16 has 
proposed the following modification: 


C«H»C=0 yOH , 

c.h*£=o + KOH ”* C ‘ H ‘?<ok KOOH + C#H ‘— 1 - (C.H.),C=CO 

,0 C.H, 

)»H, 



I 


(C,H*)»C=CO + KOOH — (C#H,),C \^ I ok 


According to this formulation diphenylkctene is the intermediate prod¬ 
uct during the reaction. 

Schroeter and Wachendorf 16 found evidence for this mechanism in 
the fact that they succeeded in preparing diphenylketene from azibenzil 
in good yield. 


C e II 6 


/N 

|| 

I X N 


C.H* 


Warmed 


,o 


gently 

c— C.H* 




+ N, 

• H* 


(C.H 6 ) 2 C=C=0 + N* 


It is of interest to note that this concept has been used to explain 
other types of molecular rearrangements. Instances are known in the 
indole derivatives, and in the pyrazoles where a methyl group transfers 
its position from a carbon atom to another carbon atom during reduction 
processes. Brunner 17 has reported that l-phenyl-3,3-dimethyloxindole 
yields 1-phony 1-2,3-dimethylindole when reduction is carried out under 
suitable conditions. 


CIL 



NC.II* 



pv—C-CH, 
k^x^/C—CH, + H 2 0 
NC.H* 


Again, Knorr 18 has shown that l-phenyl-3,4,4-trimethylpyrazolone 

15 Nef. Ann., 298. 372 (1S97): 335. 272 (1904). 

“ Schroeter and Wachendorf. Btr.. 42. 2336. 2339. 3301 (1909). 

17 Brunner. Monatsh., 21. 179 (1900). 

18 Knorr. Her., 36. 1272 (1903). 
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on reduction with sodium and alcohol yields l-phenyl-3,4,4-trimethyl-5- 
oxypyrazolone, which when treated with mineral acids produces 1 -phen- 
yl-3,4,5-trimethylpyrazole. 


(CH 3 ) 2 C- 

I 

o=c 


■CCHj 

II 

N 


H, (CH3).C 

-> II 


\ / 

nc«h» 


NCeHfc 


CCH 3 

II 

N 


ch 3 c 


-cch 3 


ch 3 c n 

\ / 

NC«H» 


h 2 o 


Other reactions arc known and are discussed by him, and for them all 
Knorr has proposed the following mechanism. 



R-C—OH 


R.— 




■CHi 

CH 


R—C—CHi 

+ H,Q — U + HjO 

I ^CH, R,—C—CH, 

R,— °x;h. 


In this connection the rearrangement of triarylmethyl peroxides is 
of interest. Wieland " ha.s formulated the process in the following 

ma,,nPr: 

(C.Hi)iC—O—O—C(C»H»)* 2(C#H»)iC O— —• 2(C.H»)i—C OC.H. 


sylrnv 


(C.IL); 

(C.H.): 


-C—OC.H, 
-i—ocati 


It remained for Tiffeneau and his colleagues ™ to apply this concept 
to the pinacol and allied rearrangements. After extensive experimental 
studies these investigator came to the conclusion that a mechanism 
based on dissociation into active molecules with free valences best ex¬ 
plained this type of change and that loss of water preceded < he rear¬ 
rangement. According to them the pinacol rearrangement is to be 

formulated as follows: 

t» t» R x At XV K 

- 11,0 + >C-C< - K-C-C-R + HjO 

R/ I |^R | | 


OH OH 


It is Tiffeneau's =• belief that in all rearrangements which involve the 
elimination of simple molecules such as water and nitrogen, and are 
truly intramolecular in their nature, a dissociation into intermediate 

>• "«' 7) = -• «*«- 141 *• , * e ' <10u7,: r “ m » 
rend.. 143. 084 (1000). 
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systems which possess free valences” first takes place, instead of inter¬ 
mediate compounds with saturated valences which are more or less 
structurally stable. Thus the rearrangement of phenylhydroxypivalic 
acid ester which involves a migration of the carbalkoxyl group is for¬ 
mulated as follows: 

CePUCHCOHJCCCH.J.COOR -* + H,0 -* C e H*—C—COOR + H.O 

i(CH*)jCOOR i(CH,) s 

The transformation of glycols such as hydrobenzoin is represented in 
the following manner: 

CiH»CH(OH)CH(OH)C«H* C.H^H— 


6 

i—C.H* + HjO — 

s 


(C»H*)iCH—C=0 


Ihe mechanism for the benzilic acid rearrangement becomes: 


C»H*C=0 

+ 211,0 

c.h.6—o 




Tiffeneau also assumes the intermediate fonnation of active molecules 
with free valences in the rearrangement of methylanilinc into p-toluidine; 
of N-alkyl- and N-acylpyrroles into C-alkyl- and C-acylpyrroles; of 
phenyl hydroxy la mine into p-aminophcnol; of hydra zobenzene into ben¬ 
zidine, etc. He has also applied his mechanism to rearrangements in 
the camphor derivatives. 

Essentially the same conclusions have been reached by Montague 21 
and by Mecrwein ,3 -» in their experimental studies of the pinacol rear¬ 
rangement, They have also shown that cyclic compounds are not found 
as intermediates. Mecrwein and his co-workers believe with Tiffeneau 
that in these rearrangements the change is caused by a direct loss of 
water from the pinacol, and subsequent migration of a radical. As they 
have pointed out, it makes no difference in the symmetrical glycols which 
hydroxyl group is eliminated; but with unsymmetrical glycols different 
products can be formed depending on the hydroxyl group which is re¬ 
moved. Obviously, in general, the less firmly attached group will be 
mainly eliminated, and from the nature of the ketone which is formed 
the relative bond strength of the hydroxyl groups can be determined 

Montague. Rev. gin. set.. 18. 591 (1907); Dcr., 51. 14S2 (191S). 

Mecrwein. /Inn., 419, 121 (1919). 
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Using this approach to the problem Meerwein obtained data on the 
affinity of groups in these pinacols. The phenyl group greatly increases 
the reactivity of the adjoining hydroxyl group. In the aliphatic senes 
he finds that the “valence requirements” of the normal alkyl groups 
diminish with increasing number of carbon atoms, but that this is not 
continuous; the alkyl groups with an odd number of carbon atoms have 
greater affinity than those with an even number of carbon atoms. Using 
light and heavy lines for the bonds he has formulated the reaction as 

follows: 

C«Hs / /O— 

-C——R — ^>C—C— R + H*0 


CflHfiv 

> 


yOH yOH 


C,H S - 




R 


C.H 




R 


(C.H.)tC—C—R + H s O 
R 


CH 

CH 


.OH .OH 



C—CH,—CH, 

Nhi,— cn. 


CHx Nc—C—C,H» + HsO 

CH* V,1U 

CH 


,3 \ S' 1 

CHj—C—C—CjH. + HsO 

Ct\\/ 

This concept of the intermediate formation of molecules with free 
valences has been advanced to explain the mechanism of the Cur ms 
Hofmann, and Lossen rearrangements. T.einann 3 find suggested that 

an unstable univalent nitrogen derivative * “ oh" “dine 

in the conversion of bcnzhydroxamic ac.d CoHsCONHOH into an 
and carbon dioxide. In a series of extensive investigations on halogen 
amides RCONIIHr, acyl azides, RCON„ and hydroxam.c acids, 
UCONH(OH), Sticglitz and his students” developed this suggestion 
and made it evident that the Curtins, Hofmann, and Lossen rearrange¬ 
ments are fundamentally alike. StiegliU proposed that the mechanism 

be formulated as follows: 

,t-C^N< X - R—C—N< + XY - R-N=CO + XY 
X Y 

The isocyanate which is formed then reacts with water to produce 

Porter. "Molecular i—‘ Chemical 

Catalog Co.. New York (1928). !>• ,0 - 
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amines, and with alcohol or phenol to give urethanes. The action of 
amines on the isocyanates yields the substituted ureas. Focusing their 
attention on the effect of the groups X and Y these investigators also 
demonstrated that transformations of this kind take place in other 
nitrogen compounds, and that one can expect rearrangements when 
X and Y are of such a nature that they can be removed as simple mole¬ 
cules such as water, nitrogen, halogens, and hydrogen halides. A few 
examples will serve to illustrate this point. 

Triphenylmethylhydroxylamine and its related compounds have 
been found to undergo rearrangement. Stieglitz and his students have 
shown that the hydroxylamine, haloamine, dichloroamine, and azide 
rearrange to give the same product—the phenylimide of benzophenone. 26 
Their formulation follows: 


/H(C1) 
(C*H 6 ),C— N< 

x OH(B r )(Cl)(N 2 ) 


HOH 

— (C,H,),C—n/ + 

N.* 


— (C«H»)jC“M—C.H. 


It is also known that an alkyl group may be substituted for a phenyl 



yields the phenylimide of acetophenone. 

This last reaction is of interest in that it shows the migrational apti¬ 
tude of a methyl group as compared to a phenyl group. Other studies of 
this nature have been made on these compounds. Morgan 27 has ob¬ 
served that substitution of a halogen in the benzene nucleus of triphenyl¬ 
methylhydroxylamine has little effect on the migrational aptitude. 
Three products in relatively equal amounts are formed when p-bromo- 
phenyl-p-chlorophenyl-phenylmethylchloroamine undergoes rearrange¬ 
ment. 

Schroeter 14 has used this mechanism to explain the formation of 
tetrazoles from diazides. 



3 ‘ Stieglitz and Vosburgh, Ber.. 46. 2151 (1913);'Vosburgh. J . .l»n. Chem. Soc., 38. 2081 
(1010); Stieglitz and Leech. Brr.. 46. 2147 (1913); J. Am. Chem . Soc., 36. 272 (1914); 
Senior, ibid., 38. 27IS (1916). 

** Neff. Thesis. University of Chicago (1927) [C. A., 22. 3639 (192S)). 

57 Morgan. J. Am. Chem. Soc.. 38. 2095 (1910). 
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Curtius 28 has shown that benzylazidc yields methylene aniline on 
rearrangement. Benzylideneimide is obtained as a by-product. On 
the basis of the mechanism of Stieglitz the reaction is to be formulated 
as follows: 

/N 


CfllUCH: 


-N<J 
X N 


CeH»CH,NC + Ni 




Migration of a 
phenyl group 


-> C«H$N=CH2 + Ni 


Migration of a 


C\H*CH=NH + X, 


hydrogen atom 

Stieglitz M used this concept to explain the Beckmann rearrangement 
of oximes into amides. This reaction takes place when an oxime is 
treated with such reagents as phosphorus pentachlondc, phosphorus 
oxychloride, or acetyl chloride. Hantzsch =’ had previously proposed 
that a chlorimidoketone was formed as an intermediate compound in 
this rearrangement. 

R -- K * U * 


>- n 


NOH 


pci* 


Acetyl chloride, etc. 


— > 


Kv 

x—NCI — >c—N—R 

\v Cv 


11,0 


Hv 


»NR 


O 

✓ / 

R—C—N<” 


11 


1I(K 'It 

Stieglitz and Peterson » examined this mechanism by preparing several 
chlorimidokctoi.es and studying their chemical properties. I hey found 
that these compounds did not rearrange under the conditions which 
bring about the conversion of oximes into amides, and from their results 
they were compelled to conclude that they were not. formed as inter¬ 
mediates during the rearrangement process. A mechanism was then 
proposed which assumed the intermediate formation of a univalent 
nitrogen compound, thereby placing ibis rearrangement on a common 
basis with those changes of the C urtius, Hofmann, and Lessen. type* 
According to them the first step in the process involves an addition of 
hydrogen chloride to the oxime. Loss of a molecule of water produces 
the univalent nitrogen derivative. They formulated their mechanism 
in the following manner: ^ ^ 

R. Its. / / 


> 


=NOII + llCI 


K 


/ 


C— 


N< —• HiO + X-X^ - 

N)1I r x x 

Cl OH 

K—C=NR —> It—C=N—It 


*• Curtius and Darapaky. 7. M «3. «2S (lt»35. 3220 (.902,. 

Z S CtOIOI: Pctcraon. A-. 7.. 46. 325 <»>•> 
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From the illustrations which have been given it can be seen that this 
concept of the intermediate formation of active molecules with free val¬ 
ences has found widespread use. However, the application of this view 
to experimental facts which have been obtained since the idea was pro¬ 
posed reveals the fact that frequently its employment is open to criticism. 
For example, Nicolet and Pole 31 have criticized Schroeter’s interpretation 
of the benzilic acid rearrangement which postulates the intermediate 
formation of a bivalent carbon compound, and of diphenylkctcne. 
They state that this theory involves the assumption that in the presence 
of hydroxylic solvents diphenylkctcne will add the potassium salt of 
hydrogen peroxide to give benzilic acid more rapidly than it adds water 
or alcohol. From their experimental results they are forced to conclude 
that this is not the fact. However, they are careful to point out that 
their work does not show the impossibility of active molecules with free 
vaknees. It is only with Schrocter’s application of the concept that 
they are in disagreement. 

The concept does not take into account certain factors which have 
a pronounced effect- on the tendency of molecules to undergo rearrange¬ 
ment. In their studies of the Curtius, Hofmann, and Lossen rearrange¬ 
ments, .Jones and students **• have shown that the ease of such transfor¬ 
mations does not depend solely on the nature of the groups X and Y. 
Jones and Hurd 3:fc made a comparative study of the rearrangement of 
monophenyl-, diphenyl-, and triphcnylaccthydroxamic acids and their 
derivatives. They found that the ease of rearrangement was greatest 
with the derivatives of triphcnylaccthydroxamic acid. The derivatives 
of monophenylarethydmxamic acid showed the least tendency to give 
rearrangement products. On the basis of their results they suggested 
an interpretation of these reactions based upon the electronic conception 
of the chemical bond, and they put forward the generalization that “the 
case of rearrangement is dependent upon the tendency of the radical R 
in the univalent nitrogen derivatives to exist as a free radical.*’ Their 
formulation which excluded the oximes is as follows: 

R R 

|o|c:N:X —* X:Y + lojCrX: 

• • • • • • • • 

Y 


;o:c:X:R + X: Y 


Evidence in support of this hypothesis has been submitted by Jones 
and Root These investigators studied hydroxamic acids which are 

31 Nicolct and Polo. J. Am. ('hem. Soc.. 43. 1135 »1921). 

32 u> Jones and NenfTer. ihid.. 39. f»59 (1917): Jones and Warner, ihid.. 39. 413 (1917): 

Jones and Wallis. ihid.. 48. 169 (1926): Jones and Hoot, ihid., 48. 1S1 (1926); Jones and 
Mason, ihid., 49. 252S (1927): Dougherty and Jones, ihid . 46. 1535 (1924). (6) Jones and 

Hurd, ibid., 43. 2422 (1921). 
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isomeric with triphenylacethydroxamic acid, o- and p-Benzhydryl- 
benzhydroxamic acids were prepared. In both these compounds they 
found that rearrangement of their derivatives does not occur at tem¬ 
peratures at which the isomeric triphenylmethyl compound rearranges. 
Thus, the ease of rearrangement depends upon the electronegativity 
of the groups fastened to the central carbon atom of the radical. 

Hurd 33 has prepared certain derivatives of N,N-diphenyl-N - 

hydroxyurea, (C.H*),N—C—NHOH. and has found that they give re¬ 
arrangement products, but that the change does not occur in the corre¬ 
sponding N-monophenvl derivatives. .... . . 

The mechanism by means of which the R group originally attached 
to the carbon atom, morales to the nitrogen atom has been the subject 
of much discussion. Its electronic nature has been given different inter¬ 
pretations. It is generally accepted that in these rearrangements a shift 
of an electron pair takes place from the carbon atom to the nitrogen 
atom. Jones “ considered the group to be of the nature of a positive 
radical. In this interpretation the electron pair and the group held by 
it do not migrate together. Jones and Hurd** assumed that during 
the rearrangement the radical exists momentarily as a free rad.ca . 
Stieglitz *» has postulated that the group is essentially a negative radical, 
and that during such rearrangements the electron pair with its group 

shifts from the carbon atom to the nitrogen atom 

In an attempt to gain further insight into the mechanism of such 
rearrangement processes Jones and Wallis »• studied the nature of 
the products formed when the radical, K, contain, an asymmetric 
carbon atom. They found that ,M,enzyl.nethylacetaz.de rearranges 
readily to produce an optically active isocyanate which on hydrolysis 
gives an optically active amine hydrochloride. 

H 


(d) 


C'HiGH 


2N >CH- 
CHa' 


O 

✓ /N 

[—C—N<( II 
X N 


N* + (</) 


C*H»CII*v I 


11,0 


ClI.' -NC ° - 


(</) 


C.IUCH* 


Nth 


ii ' 

I 

■NHi 


CIIa / 


Cl“ 


Similar rearrangements have been earned out on the corresponding 
optically active amide, and hydroxa.mc acid. I ron, these experiments 
the fact has emerged that not only are the products optically active in 

** Hurd. J. Am. Chem. Soe.. 46. M72 <>923). 

»« Jones. Am. C Ac m 60. 41 1 36 o R0 <1014); Sticglit* and Stngncr. ibid* 

38. 2^7 am* iSSu .od co-worker., /-roc »a«. AcJ. .So. V. S.. 1. -'07 (1915). 
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all three cases, but the value of the rotatory power of the amine hydro¬ 
chloride formed in the rearrangements is the same. This strongly indi¬ 
cates that during the reaction partial racemization does not take place. 
The conditions used in the three experiments are very' different, and it 
is highly improbable that the same degree of racemization would occur. 
Any interpretations of the electronic nature of the radical during the 
reaction process must explain this fact. 

In the discussion of their experiments, Jones and Wallis 320 suggested 
two possible interpretations, (a) The group migrates as a positive 
radical, and is of the nature of a carbonium ion. This is essentially an 
ionic hypothesis and the interpretation is suggested by the fact that 
there are many reactions in which substitution on an asymmetric carbon 
atom does not lead to racemization. It implies that a positive charge 
may play the part of a fourth group in maintaining asymmetry, an idea 
first enunciated by Biilmann 34 to explain the action of the silver ion on 
d-a-bromopropionic acid, and more recently used by McKenzie and 
co-workers 37 to explain the experimental results obtained by them in 
their study of the rearrangements of certain amino alcohols. It will be 
shown subsequently that there are serious objections to this idea. (6) 
The rearranging group does not exist either as a positive, negative, or 
neutral free radical but “in some way before the group actually parts 
company with its carbon neighbor, the univalent nitrogen atom has 
begun already to exercise its influence on the radical in such a manner 
that when cleavage actually does take place a change in the configura¬ 
tion of the groups about the asymmetric carbon atom is prevented.” 
They imagined this influence to be of the nature of a partial valence 
and pictured the univalent nitrogen derivative in the following manner: 


:CH 3 



This interpretation implies that in molecular rearrangements which are 
intramolecular in nature the rearranging group is at no time actually 
free and unattached. From this viewpoint, the work of Wicland on the 
occurrence of free radicals in chemical reactions is of interest. Other 
facts recorded in tlie chemical literature substantiate this view. 

It is well known that triphenylmethyl is an excellent reagent for the 

34 Biilmunn. Ann.. 388. 330 (1912). 

3T McKenzie. Roger. a n«l Wills, J. Chan. Sor.. 779 (192G). 
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detection of free radicals. For example, Wieland 38 has used it in his 
experiments on tetraphenylhydrazine. Schlenk 39 has shown that when 
diazomethane is allowed to decompose under suitable conditions in the 
presence of triphenylmethyl the formation of ethylene is prevented. 


/ 

CH 2 

\ 


+ 2(C«H*) 3 C— 


(C«H*)jC—CH*—C(C«Hs)3 + N, 


With these facts in mind Wallis 40 studied the nature of the products 
formed in certain molecular rearrangements when the reactions were 
carried out in the presence of free radicals. In the absence of this highly 
unsaturated compound, benzylmethylacctazide rearranges quantita¬ 
tively to give bcnzvlmethylmethyl isocyanate.** If this same reaction 
is allowed to take place in the presence of triphenylmethyl it can be 
readily seen that if the rearranging group in its migration from the car¬ 
bon atom to the nitrogen atom exists as a free radical the formation of 
two isocyanates is possible. It would be expected also that, if a uni¬ 
valent nitrogen compound were formed as an intermediate, an addition 
compound with triphenylmethyl would result. But this is not the fact. 
When a benzene solution of benzylmethylacct azide Is allowed to rear¬ 
range in the absence of oxygen in a benzene solution of triphenylmethyl 
only one isocyanate is produced. No additional compounds with uni¬ 
valent nitrogen derivatives are formed in detectable amounts. A quan¬ 
titative determination of the amount of oxygen absorbed by the free 
radical remaining after the rearrangement also shows that none of it 
takes part in the rearrangement. 

Further evidence in support of this view has been obtained by \N oIlis 
and Moyer, 41 who studied the Hofmann rearrangement of </-3, 5-dmitro- 



O-o-naphthylbcnzamide. The conversion was brought about in tl.e 
usual manner by the action of sodium hypobromito. I he amine so 
obtained was found to be optically active. .... , 

It is to be noted that in this molecule optical activity is due to molec¬ 
ular asymmetry conditioned by the restriction of free rotation about the 


“ WieUnd. "Dio Hydrazine." linkc. stutteort. 1913. 

•> Schmidlin. "Dm Triphenylmethyl. - Enko. Stuttgart. 1914 <Iuvo»t.g»tor Schlenki 

40 Wallis, J. Am. Chon. Svc.. 61. -’082 0929). 

41 Wallis and Moyer, ibid.. 66. 2508 (1933). 
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axial bond. The rearrangement takes place with no change in sign of 
the rotatory power, and in such a manner as to produce no detectable 
racemization. The results show that migration of the rearranging group 
is not possible in any free form, either as a positive, negative, or neutral 
radical, for, if it were at any time free, rotation about the biphenyl 
linkage would be possible, and an inactive or at least a partially race- 
mized product would have been obtained. 

These experiments make it evident that in these types of molecular 
rearrangements intramolecular processes are being dealt with. The 
concept of the intermediate formation of free radicals or ions does not 
explain all the facts because such changes often involve a transference 
of electrons within the molecule itself. For this reason it would seem 
that such rearrangements should be best explained on the basis of an 
electronic mechanism. But before this latter theory is considered it is 
important that mention be made of certain other criticisms which have 
been leveled against a universal use of the concept now under discussion. 

Montague 42 has criticized Stieglitz’s 24, “• 30 application of this inter¬ 
pretation to the Beckmann rearrangement of oximes. He points out 
that the addition of hydrogen halides to the oxime as assumed by Stieg- 
litz breaks the double bond and thereby destroys geometrical isomerism 
since there is no longer restricted rotation between the carbon atom and 
the nitrogen atom. Under these conditions the same intermediate 
compound would be produced from the two geometrical isomers, and 
identical rearrangement products would be expected to be obtained. 
Thus is known to be contrary to fact. 

Stieglitz has revised his formulation of the mechanism of this change 
to meet this criticism. It has been shown by Schroetcr 43 and by Hen- 
rich 44 that tlie hydrogen halide addition products of oximes are salts, 
and that only those oximes which form salts undergo the Beckmann 
rearrangement. In his revised formulation Stieglitz writes these oxime 
salts as substituted ammonium salts. Loss of water and rearrangement 
take place within the substituted ammonium ion. In terms of the elec¬ 
tronic conception of the chemical bond his ideas may be formulated in 
the following manner: 


R 

+ 


R 

R:C.:N:0:H 
• • • • 

:C1-: 

• • 

— HjO 
-» 

R:C::N 

II 

!• J 





:C1-: 


R R 

• • •• +H.O •• •• 

— C::N:R ——> C::N R 

:C1: :6s 

• • • • 

H 


It has also been necessary to modify the concept of the intermediate 
41 Montague, Ber., 43. 2014 (1910). 

43 Schroetor. Bcr., 44. 1205 (1911). 

44 Henrich, Bcr., 44. 1533 (1911). 
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formation of an univalent nitrogen derivative in order to explain the 
rearrangement of N-triphenylmethyl-N-methylhydroxylamine: “ 

/CH 3 /OH 

(C«H 5 ) 3 C—N—OH —* (C«H»)*C— N(CHj)(C«H») 

Here, it is not possible to form an intermediate univalent nitrogen com¬ 
pound in the sense in which it was originally used to explain these re¬ 
arrangements. Stieglitz also assumes salt formation in this reaction. 
His ideas may be formulated as follows: 


C 6 H* H 

C fi H 6 :C :N: OH 
Clkt CH 3 




C.H» 1+ # 

C 6 IU :C :N: :CI-s —* 

• • • • • • 

c*h* ch*J 


c.h 6 

Celia :C :N: Celia 

:Cl:CHa 


+ ii : o 


C.H* 

:C 2Ns Celia 
OH * CHa 


These views have been criticized by Lachman. 4 * He lias shown 
that a small amount of the oxime salt of benzophenone is able to bring 
about the conversion of large amounts of the oxime into bcnzonilidc. 
He has also observed that the rearrangement can be carried out in the 
presence of water. He concludes from his experiments that the re¬ 
arrangement process consists in a direct conversion of the oxime salt 
into the anilide and free acid. ^ 

[(C.IIi)iC— NOll] X- — C.1UC—NHC.H* + HX 

According to him. “dehydration of ..xi.ne salt is an unnecessary 

preliminary step. Dehydrating agents merely help to furnish an an¬ 
hydrous medium which is a prerequisite to the formation of oxime 

Lachmnn « has also criticized the fundamental idea of this concept 
of the intermediate formation of molecules with free valences in its 
application to other classes of molecular rearrangements. He is opposed 
to the interpretations of TifTcncau and others, who picture rearrange¬ 
ments of the pinucol type as first involving a loss of water. He believes 
that the elimination of water is the last step in the reaction process 
and that first there is a simultaneous exchange of an hydroxyl group and 


“ Lachmnn. J. Am. Chcm. Sot.. 46. 1177 (l‘J-4): 
«• Lachmnn. ibid.. 44. 330 (1922) : 45. 1309 (1023). 
54. 4010 (1932). 


4/. » IV-OJ 


See. also. Kohler uiul Bultzly, 
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a radical. His mechanism involves the assumption of a mobile hydroxyl 
group, an idea first proposed by Lieben. 47 


R*v^ ^/OH^/OH 


R 


/ 


\ 


R 



/OH 

R—C—C—OH 

r/ 

\r 


R—C—C—R + H*0 

r/ 


The same interpretation is used by him to explain the mechanism 
of the benzilic acid rearrangement. 

y'OH 

C«H»C=0 C.HsG—OH / OH 

| + H 2 0 — /'I S — (C,H a ) 1 C—COOH 

C„H t C=0 C,H s C=0 


The conversion of benzoin into diphenylacetic acid, and of dihydroxy- 
tartaric acid into h 3 'droxymaIonic acid, is pictured in a similar manner. 
As evidence for the necessity of the assumption of a mobile hydroxyl 
group Lachman cites the fact that the addition compound formed when 
one molecule of bcnzil is treated with one molecule of sodium ethylate 
does not rearrange in the absence of water, but decomposes in alcoholic 
solution into benzaldehyde and ethyl benzoate. 


/ONa 

C 8 H 6 C—OC*H» + CtHftOH 

I 

c«h 6 c=o 


/ H 

C«H»C—OCjHs + C«H6C=0 + NaOCaH, 


The addition compound contains no hydroxyl group. Only on the 
addition of water does rearrangement take place and produce benzilic 
acid. The significant observation of Kohler and Baltzly 46 is also of 
special interest from this point of view. These investigators have shown 

/°/° 

that hexamethylbenzil, (CH 3 ) 3 C6H 2 —C—C—CeHi(CH 3 ) 3 , a compound in 
which hindrance prevents addition to the carbonyl group, does not 
undergo the benzilic acid rearrangement. This fact also gives character 
to the argument of those who believe that the first step in this rearrange¬ 
ment is an addition to the carbonyl group. Nef’s 48 views are also shown 
to be untenable. Thus, Lachman has found that benzilic acid can be 
made to yield benzophenone and formic acid. Therefore the order is 
benzil —► benzilic acid —* benzophenone, and not as Nef postulated. 
His experimental results constitute a strong argument against the views 
of Michael, 49 who bases his mechanism on the preliminary addition of 
alkali. Lachman finds that the rearrangement takes place in water 

47 Liebon. Monat*h., 23, 63 (1902). 

"Nef, Ann., 298, 372 (1897); 335. 272 (1904). 

* 9 Michael. J. Am. Chcm. Soc.. 42. 812 (1920). 
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solution in the absence of alkali, although the rate of the reaction is 
slower. Neither does he accept the idea of Tiffeneau 20 that both car¬ 
bonyl groups are involved. According to Lachman, addition of water 
takes place only on one ketone group. This appears to be supported 
by the fact that the addition compound which is formed with sodium 
alcoholate contains one molecule of benzil to one molecule of the ethyl¬ 
ate. Scheuing 50 also supports this idea with experimental facts. This 
investigator has shown that in pyridine solution potassium hydroxide 
forms with benzil a compound of definite composition, CmH 10 O 2 KOH. 
At 0° this addition compound slowly rearranges to potassium benzilate; 
at 80° the conversion is rapid. According to Lachman\s views this can 

< OK 

OH ' °° ,ltains 

c.u,—6=0 

hydroxyl group. Finally it should be pointed out that the experiments 
of Schonberg and Keller « also indicate that the rearrangement does not 
involve both ketone groups. They have demonstrated that to bring 
about the reaction one molecule of reagent is necessary for every mole¬ 
cule of benzil. From all these facts Lachman lnus concluded that hose 
changes are essentially oxidation-reduction processes, and as such in¬ 
volve a transfer of electrons. In the discussion of the electronic mecha¬ 
nism as a common basis for molecular rearrangements this mechanism 

will be considered again. , 

Other difficulties arc encountered in the application of 1 ifTcneau s 

ideas to facts which have been discovered since the hypothesis was pro¬ 
posed. From the experiments of McKenzie and h.s co-woiken»‘- “« 
been shown that certain optically active pmaeols and ammo al ol ols 
maintain an asymmetric configuration during rearrange.ncnt I. has 
also been shown that when certain optically active /«r/.-alkjlcarb.no s 
undergo the Wagner rearrangement optically active products are ob¬ 
tained.” On the basis of the intermediate for.nation of molecules with 
free valences these fads pr, suppose that such free radicals can possess 
a transient existence without loss of optical activity. 

A survey of the chemical literature shows that .vi ta... recorded a. ts 
strongly indicate that this is not possible. I ickard and Kenyon have 

“ Scheuing. Her.. 66. -*62 < UK*:*). 

•• S.hOl.be.« .,«! Kcll.r. #l*r~ •«. MKJ). . .. IW-r. 

M.-Konxie ..... Hjrfa.nl. . ..W.ll,. 

.W.,m,M4(ll84 l ;McK»™..w 27. IIS (lu:«l, ; 30. Is. I-;, 

twistsMcKcnrie —...l.r. . 60B. ,Z0 ... IU*r 

“ Pickard and Kenyon. J. Chcm. Hoc.. 99. 06 (1 JU>- 
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shown that the action of magnesium on optically active alkyl halides 
gives optically inactive products. Other investigators have observed 
similar results. The spatial configuration of the valences in tricovalent 
carbanions, free radicals, and carbonium ions has been studied by Wallis 
and Adams. 65 It is sufficient to mention only the fact that optically 
inactive products invariably resulted in all those metathetical reactions 
studied in which the intermediate formation of free radicals can justi¬ 
fiably be assumed to take place. 

In order to explain the results obtained in their study of the optically 
active amino alcohols and glycols, McKenzie, Roger, and Wills 62 adopted 
an ionic hypothesis similar in some respects to that suggested by Jones 
and Wallis 320 as a possible explanation of their results on the Curtius 
rearrangement. These investigators represent the action of nitrous 
acid on (he optically active amino alcohols as follows: 


CflH&v 
<0 > 
Cells/ 



Cells 

CH 3 


The pinacols and glycols are formulated in a similar manner. 

C10II7 


(0 


Celled!* 




Celled!*/ | 


OH 


/ 

■CH 

OH 


r 


CelliCH 




| ^/C10117 


CeHeCH,/ | 


C—C—II 


0+ 

/CH,C 6 H 6 
(0 C e H 6 CH 2 C—CH< 

N CioH 7 


T 

1! 


ey assume that both electric charges are alike in the above scheme 
order to account for the non-formation of stable ethylene oxides. 
1 is idea seems to be very unlikely, and it has been criticized by Ha- 
wc . th. 66 Haworth represents (he charges as being of opposite sign and 
explains their neutralization by a migration of the phenyl group with 
its electron pair. 

There are other objections to this hypothesis. In a study of certain 
spontaneous migrations of optically active groups from oxygen to sulfur 

Wallis and Adams. J. Am. Chcm. Soc.. 55. 3S3S (1933). 

66 Haworth. Ann. Rcpta. Chcm. Soc. (London). 23. Ill (192G). 
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Kenyon and Phillips 57 have shown that the rearrangement is accom¬ 
panied by racemization. An investigation by Wallis and Adams » on 
the stability of the spatial arrangement of the groups in carbomum ions, 
Ril + 

R*:C , has produced evidence which indicates that in the absence 
• • 

R 3 

of a special mechanism which leads to a Walden inversion such con¬ 
figurations are optically unstable. Only when the group is in the form 

Ri" - 

of the carbanion R,:C: docs the spatial arrangement of the groups 

• • 

rJ 

in the ion appear to be sufficiently stable to maintain an asymmetric 

In order to meet the objections to this concept m the form in which 
it has been applied by McKenzie and his co-workers, Kenyon, Lipscomb, 
and Phillips •• proposed that the mechanism of the rearrangement be 
formulated as follows: 


Coll, 


C.H, 


/CH, 

/ MONO 


NH, 


/ 

(C«Ht)f—C-CH 

A - hU 


C.IUv 

c.w/ I 

Oil 
IC.HJ- 
- C.IUC- 


/CH, 

-CH 

N-NOH 


CellfcC- 


O Cfllh 

* / 

—CII 

\ 

C1I, 


These investigators have pointed out that this interpretation has the 
advantage that it gives an explanation of the non-formation of lie oxide 
“without departing from accepted theories of valency, and that it is 
not necessary to postulate that a positive charge plays the part of the 
fourth group, thereby assuming that carbomum ions can remain opti- 

cally active in the free state. ....... . 

Reflection will show that this mechanism also has its disadvantages. 
Its chief fault lies in the fact that in the rearrangement/ the unstable 
complex, Id, the formation of a free negative ion, C 0 H S , is postulated. 
In the light of the experiments of Wallis and Moyer on the Hofmann 
rearrangement this can be considered to be a serious weakness It is 
improbable that free negative phenyl ions arc formed. Any idea of 

" Konyon and Phillip* J- Chtrn. So*. 1^70 < 1030). 

“ Konyon. Lipscomb, and Phillips, ibul.. 4-1 (1030). 
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dissociation into ions of this type must take into account the energy 
requirements necessary to break the bonds. Here, also, as in the Curtius 
and Hofmann rearrangements the experimental evidence indicates that 
(he reaction is unimolccular in its nature. Therefore, it would seem 
that ions are not involved, but a transference of electrons within the 
molecule itself, and that an electronic mechanism is to be preferred. 

The ionic hypothesis has been advanced to explain the mechanism 
of other rearrangement processes. From the discussion of the applica¬ 
tion of the concept of the formation of intermediate cj'clic compounds 
to the Wagner rearrangement it was seen that such an hypothesis tacitly 
assumes that changes of this type are brought about by the removal of 
water. However, it is known that there are instances in which water 
is not eliminated. It is also a fact that under suitable conditions (sol¬ 
vent, etc.) molecules of compounds which behave in this manner give 
evidence of ionization. This suggests an ionic hypothesis as an expla¬ 
nation of this type of rearrangement, and Meerwcin and Wortmann 60 
have formulated the change on this basis. According to them such an 
interpretation can also be used to explain those reactions in which water 
is lost during the rearrangement process. They believe that the cause 
of these changes is not to be found in the assumption of a loss of water 
as the first step of the rearrangement, but lies within the ion which is 
formed by electrolytic dissociation. The purpose of the acids which arc 
used to bring about the rearrangement is to esterify the hydroxyl group. 
'I he esters so produced are assumed to be the ionizablc molecules. 

The formulation of the rearrangement of 3,3-dimcthy!butnnol-2 is 
given as an example of the application of their ideas to the mechanism 
of the Wagner rearrangement. 

II P l + 


And* 


CIIOIl ->(CH 3 ) 3 C C—OAc ^ 


<*Ha 


CH, 


<oh 3 ) 3 c -r- m 

II 


OAc - 


II 


(C1I,) 2 C—C(C1I 3 ) 2 


OAc- — (OI 3 ) 2 C—C(CII 3 ) 2 + II OAc 

[OAc = add radical] 

I he pinaeol rearrangement is explained in a similar manner. 

«’II 3 ) 2 r- C ((TI 3 ) 2 OAc I OAc- — [(CII,),C—C(CH,)OAc] OAc" 

O 

S 

(Cll 3 ) 3 c—C—CII 3 

• v ' Mocruriu »n.| \Y..rtmatin. Ann.. 435. 1!»1 .1 
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The fact that the reverse change does not occur is explained on the basis 
of the instability of the pinacolone esters. 

They explain the behavior of certain halogen compounds of the 
camphor series on the basis of this hypothesis. In the presence of dis¬ 
sociating solvents (cold alcoholic hydrochloric acid, etc.), camphene 
hydrochloride rearranges to give isobomyl chloride. It is known that 
these compounds have properties which are in many respects similar to 
the triarylmethyl halides. For instance, they yield ethers oir treatment 
with alcohols. When shaken with water, camphene hydrochloride gives 
camphene hydrate. These facts strongly suggest that in solution the 
hydrochloride is ionized. The change of this compound into isobornyl 
chloride is represented by Meerwein and Wortmann as follows: 



CII 
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A similar mechanism is used to explain the conversion of a-camphor 
dichloride into /3-camphor dichloride. 



0-Camphor dichlorido 80 


This rearrangement takes place easily under conditions similar to those 
used in the conversion of camphene hydrochloride into isobornyl chlo¬ 
ride. It is significant that in phenol solution the change is rapid, but 
that it is slow in solvents of low dielectric constant unless stannic chloride 
is present. A very slow change takes place in ligroin solution. It is 
more rapid in benzene, and still more rapid in ionizing solvents such as 
nitrobenzene. 

The relationships which exist between fenchyl alcohol, isofenchyl 
alcohol, a-fcnchene hydrate, and /3-fenchene hydrate are also explained 
on the basis of this hypothesis. Other rearrangements in the camphor 
series are discussed. 

From what has been written it can be seen that Meerwein and Wort- 
inann give an interpretation to these rearrangements in the camphor 

60 Meerwein and Wortmann formulated 0-caraphor dichlorido as 2.6-dichlorocam- 
plmne. The experiments of I.ipp and Lausburg [Ann., 436, 274 (1924)| indicate that it 
is 2.10-dichlorocainphane. 
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series which is similar to their explanation of the dehydration of lert.- 
alkylcarbinols. On the basis of their proposed mechanism these halides 
are considered to be esters of hydrochloric acid. In discussing the re¬ 
lationships which exist between a- and 0 -camphor dichlorides they point 
out that these halides bear a relationship to each other similar to that 
which formally exists between the dichlorides of pinacol and pinacolone. 
They show this analogy in the following manner: 


cir a 

I 

C 



CH a 

I 

c 



CHa 


CHa 

rinarolobo diclilorido 


However, in studying the properties of pmacolone d.chlor.de the> 
found that this substance cannot be converted into the correspond ng 
dichloride of pinacol. Neither can the change be brought about in the 
reverse direction. This fact is significant since tn these compounds he 
tendency to ionise is not present. As Ingold - has pointed out it w 
“an indication that special structural condition, arc necessary for e- 
arrangement by the ionic mechanism.” It also strongly suggests that 
such a concept should not be unrestricted m .ts application but should 
be used only when it is known beforehand by some other method that 

,0n8 It U no'w our purpose to consider a few such cases. The diazoamino 
rearrangement will serve as our first example. 

C e H*—NH—N=N—C«H* — 7>- NII 2 —C*II«—X=NC«ir 6 

It is to be recalled that this rearrangement Ls best carried out in aniline 
in the presence of aniline hydrochloride; that .s, .t .a catalyzed by the 
anilinium ion. It is also to be noted that the reaction .s not intramo¬ 
lecular. Experimental evidence shows that the process involves pre¬ 
dissociation followed by a recombination. The results of ltosenhaver 
•» Ingold. Ann. R*!*•. Chrm. Soc. (I^ndon). 21. 00 (1024). 
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and Unger 62 and of Kidd 63 bear out this statement, for the rearrange¬ 
ment of CH3—C0H4—NH—N=N—CeH 4 CH3 in the presence of ani¬ 
line and of its hydrochloride yields as the main product, not the com¬ 
pound expected, but NH 2 C6H 4 —N=NCeH 4 CH 3 instead. The follow¬ 
ing mechanism has, therefore, been proposed: 


CH 3 C 8 H 4 NH—N=NC fl H 4 CH 3 + C 6 H 5 NH, + 


H 

I 


H 


CH 3 C 8 H 4 N—N=N—CH 4 CH 
CH 3 C 8 H 4 NH 2 + CH 3 C 8 H 4 — N=N+ j 

H 

c *«*Nn, — | CH 3 CtH 4 N— N—NC«H«CH S 

H 

■ 

CH 3 C 8 H 4 —N=*XC 8 H 4 NH 3 


L 


CcHftNH, 


This mechanism also suggests the reason for the low yield when the 
reaction is carried out in the presence of water. The rate of formation 
of the phenol from the diazonium ion comes into consideration, and 
since this rate is comparable to that of the rate of coupling tho yield of 
the desired product is greatly diminished. 

Ions are also probably involved in the rearrangement of N-haloacyl- 
anilidcs 

X O HO 

I II I II 

CeH*N—C—CH, —► X—C 6 H 4 N—C—CH, 

for it is known that in the case of N-chloroacetanilides the reaction is 
catalyzed in aqueous solutions by hydrochloric acid. There is also evi¬ 
dence which shows that in such solutions the speed of the reaction de¬ 
pends on the activity of the hydrochloric acid present. Further inter¬ 
esting facts have been reported by Olson and his co-workers. 64 These 
investigators have studied the reaction in the presence of radioactive 
chloride ions, and they report that the radioactive halogen enters into 
the molecule faster than the rate of rearrangement takes place. To 
some this has suggested the following formulation. 

81 Roscnhaver and Unger, Her., 61. 392 (1928). 

8J Kidd. J. Org. Chcm., 2 . 19S (1937). 

“ ° lson - Ho,ford * and Horn cl. 7. Am. Chcm. Soc.. 69 . 1613 (1937). Olson and Hornol 
J. Org. Chcm., 3. 76 (193S): sec this artirlc for other references. 
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Cl 


>H 6 N<^ + OH* + + Cl" «=* CcHftN 

Cnx ch 3 

/V° / 

CaHft—N—C—CHj + Cl* — CIC.H 4 X 



+ H = 0 + Cl 2 


H „0 


+ hci 


This is hardly the complete picture for the process, however, since in 
all reactions of this type the yields are never good and many by-products 
arc produced. Finally, it may be added that in the case of the corre¬ 
sponding N-bromoacetanilide bromine cannot be an intermediate be¬ 
cause Bell 65 has shown that the rate of reaction of bromine on acetani¬ 
lide is such as not to allow this formulation. 

Neither can mechanisms of this type be used to explain the benzidine 

rearrangement. 

C.IUNHNHC.IU — NH-C.H.—C.H.XH, 

Although the reaction is catalyzed by acids .hero is good evidence that 
in such cases the rearrangement is intramolecular and that dissociation 
into ions does not take place. This evidence will be given later when 

the electronic concept is discussed. 

The rearrangement of N-alkylanilinium salts to alkylamhnes may 

now be considered 

R 

Nils 


Nil Nils 

0-0 


This rearrangement which was first discussed by Hofmann has been 


very extensively studied and many theories concerning its mechanism 
have been advanced « At this time, however, only two points of view 

need to be considered. , , e .... WI# - 

Michael SJ has stated that the most plausible course of th s reactK. . 

is a dissociation of the salts into aniline and the alky ha hd.. 1 
halide then reacts with the hydrogen atom of the aromatic nucleus. 

“I* J n Ch 'l* ' S iraV‘ Ifw'^NolOns an.l Baumann. 18. 1150 HSS51: NSItina 

• 6 Benz, Der.. 16. 1040 (1SK-). Nolt.nk n888 ); Hodgkin ami l.imparh. 

and Forol, Drr.. 18. 2081 (1886): l.imp<i<*h Iter.. 21. ’ • * 

J. Chem. .See.. 61. 420 <1802)1 UeiMy II* kmboUom. «*«*. 117. KM 11. -O.. 

• 7 Michael. J. Am. Chem. Sac.. 42. 787 0020). 
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Hickinbottom and co-workers 68 have tested this theory experimen¬ 
tally and have concluded that dissociation does not take place in this 
manner. In a study of the rearrangement of isoamylaniline hydro- 
bromide 68 they have shown that, on heating, an isomerization of the 
group takes place, and that p-amino-ter/.-amylbenzene is obtained. 
Some trimethylethylene is also formed. They also investigated the 
action of this hydrocarbon on aniline hydrobromide, finding that, 
“under conditions strictly comparable with those required for the re¬ 
arrangement of isoamylaniline hydrobromide,” the product was p-amino- 
ferf.-amylbenzenc. 


H / 

HN—CHi—CH*—CH 


CH; 


LO 

II • 
HNH 

OJ 




CH, 


Br- 


+ (CH 3 ) 3 C=CHCH 3 
Br“ 


\ 
XL 


H 

HNH 

O 


C(C 2 H*)(CH 3 )*J 


Br- 


Thus, they have concluded that the formation of the nuclear substituted 
aniline is due to the intermediate formation of trimethylethylene since 
each phase of this mechanism has been realized experimentally. This 
conclusion may be questioned. 

Difficulties are encountered in explaining certain other results ob¬ 
tained by Hickinbottom . 68 If the above reaction is carried out in the 
presence of certain metallic halides p-aminoisoamylbenzene is produced. 
Here the formation of an intermediate trimethylethylene cannot be 
used to explain the results, for this olefin reacts with aniline either in the 
presence or absence of metallic halides to give the isomeric tert .-amyl 
compound. A similar fact is also observed with isobutylaniline . 64 The 
product of rearrangement in the presence of hydrogen chloride or bro- 

66 Hickinbottom. J. Chem. Soe., 64. (1927) ; Hickinbottom and Waine. ibid.. 1668 (1930); 
Hickiubottoin and Preston, ibid., 15G6 (1930); Hickinbottom. ibid., 2396 (1932); 946. 1070 
(1933) ; 319 (1934) ; Nature. 131, 762 (1933). 
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mide is quite distinct from that which is formed when the rearrange¬ 
ment of the free amine is brought about by dry metallic salts. In the 
former case p-amino-fert.-butylbenzcnc is formed; p-aminoisobutyl- 
benzene is produced in the latter reaction. Therefore, either this mech¬ 
anism must be abandoned, or else it must be assumed with Hickinbottom 
that the reaction in the presence of metallic salts follows a different 


course. 

There are doubts about the latter view, and it has been criticized 
by Bennett and Chapman. 69 These writers believe that a simpler ex¬ 
planation lies in Michael’s 67 interpretation of such rearrangements, and 
that both types of products arc formed from the same intermediate 
compounds. When heated alone the hydrobromide is assumed to dis¬ 
sociate rapidly to produce a large proportion of alkyl bromide which 
isomerizes in the vapor phase to the -bromide. This compound then 
combines with aniline. When the reaction is carried out in the presence 
of metallic halides the rate of formation of the alkyl bromide is so much 
slower that substitution in the nucleus occurs before isomerization. It 
should be noted, however, that this explanation has its weakness in 
that as yet it lacks experimental verification. In fact experiments by 
Hickinbottom and Wainc 66 indicate that it is impossible to reconcile 


it with the facts. , . . . A . 

More recently Hickinbottom 70 has taken the position that the most 

probable coumc of the reaction is through an intermediate which postu- 
latcs the formation of a carbonium ion of the migrating alkyl group. 
On this hypothesis the behavior of ethylaniline hydrobromide is repre¬ 
sented by the following scheme: 

CJUXlIs + CjIIfcRr 
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The rearrangement of alkyl phenyl ethers is of especial interest from 
this point of view. Since this reaction is catalyzed by acids it is again 

•• Bennett and Cl.ap.nan, Ann. R'P». Ckom. Soc. {London). 21. 124 111130). 

70 Hickinbottom. J. Chum. Soc.. 1700 tlO M). 
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tempting to assume a mechanism involving the carbonium ion of the 
migrating alkyl group as the intermediate. Indeed we can find evidence 
in the literature which gives credence to this belief. Short and Stewart 71 
have found evidence which shows that this rearrangement is not intra¬ 
molecular, at least in some cases, for when ethyl phenyl ether rearranges 
in anisole as a solvent p-ethylanisole is formed. When a longer alkyl 
group is used rearrangements within the group itself occur. These are 
typical reactions of a carbonium ion. Sowa, Hinton, and Nieuwland 72 
also have submitted facts which arc best explained on the assumption 
that the change involves at least two molecules of the ether. Niederl 
and Natelson, 73 however, are opposed to the idea that such rearrange¬ 
ments arc intermodular. They also reject for the most part the views 
of Van Alphen, 73 Claisen, 74 and Hurd and Cohen. 75 According to them 
the most plausible explanation is a reaction mechanism which is uni- 
molecular in its nature, and which is based upon the considerations of 
Lapworth 76 and of Latimer. 77 It should be pointed out that valid 


^CH—CII 

RO - C \ >H 
Cll—C/ 

X CII, 


CH—CH 


O—C<f 

X CII=« 


\f'/ 


n 


CH—CH 




X II 


.-=* HO—C 


^CH, 


\ 


yC -R 

CH=C< 

vllj 


objections can be raised against Niederl’s proposed mechanism. For 
example, the interpretation gives one no explanation of the presence 
of unsaturated hydrocarbons and of unsubstituted cresols or other 
phenols which are generally formed in rearrangements of this type. 
Neither does it account for the fact that often in rearrangements of 
alkyl phenyl ethers the alkyl radical isomerizes to another group during 
the reaction process. It cannot be used to explain the experimental 
results obtained by Cox 78 in his investigations of the closely allied Fries 
“rearrangement’' of phenolic esters. Here it Is quite certain that when 
these esters are acted upon by such reagents as aluminum chloride or 
zinc chloride a scission of the molecule takes place, and acid chlorides 
are formed jus intermediates which then react with the phenol to pro- 


71 Short and Stewart, J . Chcm. Soc.. 553 (1029). 

< H * nt0n * “ nd Nicuw,nnd * J ■ Am - Chcm - 54. 2010. 3094 (1932); 65. 3402 

75 Van Alphen. Rcc. trav. chi,,,.. 46. 799 (1927); Niederl and Natelson. J. Am. Chcm. 
Soc. 64. 1003 (1932); Niederl and Storch, ibid.. 55. 2S4 (1933!; Smith. « bid.. 55. S49(1933). 

Claisen and F.isleb. Ann.. 401. 21 (19131; Claisen. ibid.. 418. 09 (1919) ; Claisen and 
l lotzc, Her.. 68. 275 (1925); 59. 2344 (1920). 

74 Hurd and Cohen. J. .4m. Chcm. Soc.. 53. 1917 (1931). 

7 ® Lapworth, J. Chcm. Soc.. 73. 445 (1S9S). 

77 Latimer. J. Am. Chcm. Soc.. 51. 31S5 (1929). 

7 ‘ Fries and co-workers. Ifcr.. 41. 4276 (190S); 43. 214 (1910); 54. 717 (1921) • 66 1305 

P 9 n 3) ; o UW0 ™’ 30 j‘ ,J - 0): C ° X - J * * 4m * CUm ‘ 62. 352 (1930) ; Skraup and 

I oUer. Her.. 67. -033 (1924); Skraup and co-workers. Ber., 60. 942. 1070 (1927). 
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duce ketones, for, in the presence of an inert solvent, such as diphenyl 
ether, acyl derivatives of diphenyl ether are formed. Thus, the evidence 
supports the hypothesis of Skraup and Poller 78 and indicates that the 
reaction process is not in reality a true rearrangement but is inter- 
molecular in its nature. 

In this connection some experimental results of Wallis and his co¬ 
workers 79 are of interest. They have studied the nature of the products 
formed in the Claisen rearrangement of certain optically active ethers. 
Although with d- and J-scc.-butyl m-cresyl and </- and /-see -butyl p-cresyl 
ethers they found that the substituted phenols obtained by rearrange- 
ment were optically active, they did observe that the rearrangement 
was accompanied by partial racemization. Furthermore, when experi¬ 
ments were devised to determine whether an alkyl radical containing 
an asymmetric carbon atom is actually able as a carbon,urn ion to enter 
a foreign nucleus without resultant loss of optical activity, the results 
obtained showed that this was not possible In their expenmen s on 
the point in question they prepared <f- and ^c.-buty mes.t; ethers 
and studied the nature of the products formed when the reaction nas 
carried out in the presence of p-crcsol. 


✓CHi 

yO—CH 

CHv^sCH, X C,H* 




oil 

+ rS _^> 

T LJ or II.SO, 

CH. 


OH 

CH^v-CH, 

CH. 


OH 


/ 


CH 


a CH 

\C.H 


The 4-methyl-2-sce.-butylphenol, however, in both eases, was completely 
inactive. It can be definitely concluded, therefore, that an .ntermolocu- 
lar carbonium-ion mechanism cannot be used to expla n-he re nrion 
of optical activity in the experiments on d- and /-sec.-bu ylm-ems> lan 
p-ercsyl ethers. At least part of the rearrangement products are formed 
by an intramolecular process in which no earbonium tons occur In 
this latter ease an electronic mechanism is the more probably A smnla 
result has been reported in studies »• on the rearrangement of sulfi.no 

esters - ru „ C.U. H 

() CO 

/ \ T / X ^ 

C1I3 O-S-C.H, CH, ^ 

C> C,H, 

Sprung and Walt!.. 7. dm. C7.cn. -W.. .6, .7.5 0924); MM and VA •/• <"< 

ChC "kt'y1 "ndPMllip.. 7. C*,». •**-. <19:10,: Argu,. Batfo. and Kenyon. 

486 (1038). 
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The optically active sulfinate yields largely the completely racemized 
sulfone. In the small amount of the optically active sulfone so produced 
the configuration on the asymmetric carbon atom seems to be main¬ 
tained. If this rearrangement involved carbonium ions this would not 
have been expected. Here again at least part of the product formed is 
produced by an intramolecular electronic change. Such changes will 
be more fully discussed later. 

The ionic concept is also of interest when applied to explain the 
mechanism of the Wagner rearrangement which takes place when cer¬ 
tain reactions are carried out on tert. -alkylearbinols. Wallis and Bow¬ 
man 81 have studied the nature of the products formed when the hydroxyl 

group in an optically active alcohol of the type >C—CH*OH is sub- 

Ri X l 

R 2 

stituted by chlorine. It has been found that, when the compound 
2-mcthyl-2-phenylbutanol-l is treated with thionyl chloride, the re¬ 
arrangement takes place with a migration of the phenyl group. A ter- 

CH 

tiary chloride 2-chloro-2-mcthyl-l-phenylbutane, —CH 2 C«H 6 , 


C 2 Hr 


Cl 


unsaturated hydrocarbon, 2-methyl- 1-plienylbutene-l, 


and an 
CII3V 

>C—CHCiHt, arc formed. It has also been observed that the 

C 2 H» 

tertiary chloride as formed, though largely racemic, possesses some op- 
ticul activity. Since it is known that the first product of the reaction 

jO 

of an alcohol and thionyl chloride is a compound of the type, R—OS_Cl, 

it is probable that the portion of the chloride which has maintained an 
asymmetric configuration again has been formed through a rearrange¬ 
ment which is internal and consequently electronic in its nature. 

Ionic hypotheses have been used to explain other types of rearrange¬ 
ments. The rearrangement of benzil to benzilic acid may be considered. 

0 O OH 

✓ ✓ / 

C„H 6 C—C—Cells + H 2 0 -* (C«H 6 ) 2 C—COOH 


Recent work by Westheimer K on this change shows that this reac¬ 
tion is catalyzed by hydroxide ion with no measurable catalysis by 
other basic ions such as the phenolate ion or o-chlorophenolate ion 

81 Wallis and Bowman. J. Am. Chcm. Soc., 66. 491 (1934). 

82 Westheimer, ibid.. 68. 2209 (1930). 



MOLECULAR REARRANGEMENTS 


1001 


Furthermore, Roberts and Urey 83 in their studies on oxygen exchange 
report that the rearrangement is slower than the oxygen exchange which 
is likewise catalyzed by bases. To explain these results the reaction 
has been formulated by a shift of a phenyl group with its electron pair 
with subsequent addition of a proton to yield benzilic acid. 


C fl H 6 < 


O O 

✓ 


C—Cell, 


r oh o 

n \ ✓ 

-> C.IUiC—C—CeHs 

/ 

L o- 

c.h* i- 

OH-C:C:CelU J!L! 


OH 

(CeHb)sC—COOH 


We shall sec later, however, that the migration of the phenyl group with 
its electron pair does not take place as a negative ion The shift of the 
group takes place in such a manner that again we should view the re¬ 
arrangement as being that of an electronic change. 

The rearrangement of the butadiene dibromides is of interest from 

the viewpoint of an ionic mechanism. 

CHa—CH—CH—CH S ♦=* CH*—CH—CH—CH* 

Br Br Itr 

The rearrangement takes place rapidly at 100°, and it constitutes one of 
the main controversial points in the settlement of the quest .on of addt- 
tion of halogens to conjugated systems of double bonds (p. 009 ). Ac¬ 
cording to Ingold this change can be cxpla.ncd best on the bas.s 
of an ionic mechanism. He assumes that dur.ng the initial add.tion 
process ions arc formed, and that "since the second bromine atom i* 
liberated (as anion) only during the add.tion of the first, the ......al 

product of addition . . . consists of the .ons of the 1 , 2 -d.bromide. 

CHs—CH—CH=CIIi 

L l 

What happens after this initial stage of the reaction process depends on 
the conditions of the experiment. In a non-ionmng med.un. nssoe.at.on 
takes place and a 1 , 2 -addition compound ts fonned. Under these con¬ 
ditions the production of any 1,4-addit.on product results from a ro¬ 
il Robert* and Urey. »•*■. «>._**° 26 34 (19C8. : Burton ami Ineol.l. 

ibid., 2762 (1031) ; Burton und Ingoltl. ibid.. .0— UJ-JJ- 
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arrangement of the 1,2-dibromide. In this respect Ingold’s ideas are in 
agreement with the suggestions of Gillet, 85 who believes that 1,4-addi¬ 
tion is in reality preceded by 1,2-addition and rearrangement. Ingold 
believes that in an ionizing medium a distribution of the charge takes 
place and therefore “in a general case a mixture of bromides results, 
the composition of which will depend on the attached groups.” 

In support of these ideas Ingold and Smith 84 point out that iodine 
chloride adds to butadiene to give a mixture of 

CH 2 I—CH—CH—CH*C1 and CH 2 I—CHC1—CH—CH S 


They argue that this indicates “an initial entrance of iodine at the 
a-carbon atom,” and therefore conforms with the ideas outlined in the 
preceding paragraph. It is of interest to note, however, that the ex¬ 
perimental results of Muskat and Korthrup bC on the chlorination of 
butadiene cannot be explained so easily. They carried out the chlori- 
nation in non-ionizing solvents, and in each case considerable amounts 
of the 1,4-dichloride were formed. They also observed that these two 
chlorides do not rearrange into one another, as do the dibromides. 
These facts make it evident that the formation of 1,4-butadiene dichlo- 
ridc in a non-ionizing solvent cannot be explained bv the interpretation 
advanced by Ingold. They seem, on the other hand, to confirm the 
ideas of those who believe that in halogen addition to butadiene there 
is a simultaneous formation of 1,2- and 1. l-dihalides, and that the rela¬ 
tive proportions of tin* two compounds formed in any one experiment 
depend upon the conditions (temperature, solvent, presence or absence 
of peroxides, etc.).* 7 

'fhe addition of hydrogen chloride to vinylncetylenc is also of inter¬ 
est from this point of view. Carothers and Bcrchet 88 have shown that 
the first product of the reaction is 4-ch!orobutadiene-l,2. This com¬ 
pound is sufficiently stable to Ik* converted into its earbinol. However, 
in the presence of cuprous chloride and hydrochloric acid it readily 
rearranges into 2-chlorobutadiene-l,3. Their experiments show that 
* he reactions take place in tin* following order. 


(TI==C—C1I=CH- 




l.l-u-Mition 


> cii— r=cn—ciisci 

ii 


|{«KruiccRii-hl 

-> C1I~C(CI)—ch=ch 2 

III 

The reaction product of phenylmagnesiuni bromide on (II) reacts with 
water to give a derivative of (III), 2-pheny I butadiene-1,3. The iso- 

Gillct. Unit. Chin,. It, lg.. 31. 3G6 (1922). 

*" Mu>k:it ntul Norilinip. J. Am. i'hrm. S<>c.. 52. 4043 (1030). 

* Kharux-h ai»l rn-workcr*. ibid.. 55. 240S. 2521. 2531 (1933): 56 *44 71» l »r» 

1243. 1042. 17S2 57. 2103,1935, . 58. 57 (19.36 >.J. Org. Cb.m.. 1. 393 (1936)." " 

" { uroflu-r- ami Bcrrhei. J. Am. S,-c.. 55. 2NU7 (1933). 
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meric chloride (III) does not react with the Grignard reagent. These 
investigators believe that these and other results which they have re¬ 
ported show that a,7-rearrangements of this type cannot proceed by 
any mechanism involving free ions. The reactions are intramolecular 
in their nature. They prefer to consider these changes as being brought 
about by a mechanism which assumes the formation of an additive 
complex. Chelation and opening of the ring result in the abnormal 

products which they obtain. 

r_CH—CH 

T >CH, 

M —X 

I 

X 

Johnson •• explains the abnormal reactions of benzylmagnesium 
chloride on the basis of a similar mechanism. For example, acety 
chloride reacts with benzylmagnesium chloride to give o-toly methyl 
ketone. Almost none of the “normal” product, benzyl methyl ketone, 
is produced. This fact is explained on the assumption that an additiw 
complex of the following type is formed. A shift of electrons then takes 
place followed by an “intramolecular chelation. Opening of this che¬ 
late ring produces the rearrangement product. 

O ,/° (C ’ H ‘ )2 \_/ \ ✓ 

w w - Mg 


0(C*H *)* 
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. Tho carbon marked by an aatcr.sk has a sc.tc. of electrons. 

•* Johnson, ibid.. 66. 3020 (1933,; Austin nnd Johnson. .W.. 64. f>47 (1032). 
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Other examples are known and could be discussed, such as the allylic 
rearrangements which have been studied by Provost, but the illustra¬ 
tions which have been given are sufficient to show the applicability of 
this concept to rearrangement processes. Often it appears that these 
changes which at first might seem explicable on the basis of predissocia¬ 
tion are in reality purely intramolecular in their nature, and that the 
electronic displacements and shifts which produce these reactions take 
place within the molecule itself. In such rearrangements an electronic 
mechanism is to be preferred. 


THE ELECTRONIC CONCEPT AS AN EXPLANATION OF 
INTRAMOLECULAR REARRANGEMENTS 

In the preceding sections of this chapter those interpretations have 
been discussed which in one form or another have explained rearrange¬ 
ment processes on the basis of predissociation either into radicals or 
ions. It has been shown in many instances that the application of this 
concept is very limited and that for many rearrangements the explana¬ 
tions are wholly inadequate. The failure of these interpretations as 
explanations of the mechanism of molecular rearrangements is due to 
the fact that those investigators who proposed them did not realize 
that, such reactions often are dependent on properties inherent in the 
molecules themselves, and for that reason cannot, take place in a step- 
by-step fashion, but must be continuous processes which involve simple 
displacements or transference of electrons from one atom to another 
within the molecule. 


In a brilliant paper entitled “Applications of the Electronic Concep¬ 
tion of Valence,” Jones 90 first examined intramolecular rearrangements 
from this point of view. In a discussion of reactions which are known 
to take place among certain classes of compounds containing nitrogen 
his considerations led him to put forward the fundamental generaliza¬ 
tion that “a carbon atom when linked directly to a nitrogen atom does 
not readily take from it negative electrons, or in other words is not 
readily reduced by it,” but rather “the tendency of the system is to 
pass to one in which the carbon atom is as fully oxidized as possible and 
the nitrogen atom as fully reduced as possible.” The relationships 
which exist between the amines, aldimides, nitriles, nitrile oxides, isoni- 
troparaffins, and hydroxamic acids, and also the aldoximes, amides, 
isocyanates, and the carbamic acids are explained on this basis. In 
applying this principle to intramolecular rearrangements of the Cur¬ 
tins, Ilotmann, Lossen, and Beckmann types, Jones arrived at the con- 


Jones. Am. Chctn. J .. 60. 414 (1913). 
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elusion that these rearrangements are not essentially different in mecha¬ 
nism. In the conclusion of his argument he states, “In my opinion . . . 
[these rearrangements] all have in common, intramolecular oxidation 
and reduction, or an exchange of negative electrons between the carbon 
atom and the nitrogen atom. In fact if all of the reactions classed as 
examples of the Beckmann rearrangement (including the Hofmann and 
Curtius reactions) are inspected it will be observed that in every case 
Ihe rearrangement is accompanied by a process of intramolecular oxidation 
and reduction. It seems very probable that this tendency . . . 
the real determining factor in the Beckmann rearrangement, and that 
the formation of univalent nitrogen, proposed by Stieglitz as the im¬ 
mediate cause, may be a mere incident, necessary, to be sure, to pave 
the way for the change. . . . Stieglitz claims that the rearrangement 
is induced by the potency of the free valences of univalent mtrogem 
The present mode of viewing the rearrangement would speak rather of 
the potency of the carbon atom to lose negative electrons and of the 
nitrogen atom to acquire them, and would look upon the free valences 
of univalent nitrogen ns the stage-setting required to furnish a suitable 
environment in which the essential action may take place. 

Essentially the same ideas have been expressed .ndependently by 
Stieglitz. 34 ' »•■ 44 Robinson - and Ingold ’> also have believed for a long 
time that intramolecular rearrangements involve a transferenceofclec- 
trons within the molecule and consequently are best explained on the 

basis of an electronic mechanism. 

With these ideas in mind Whitmore « has proposed hat a mo 
general application of this concept should be made and that the nucha 
nism of the migration of groups in all intramolecular rearrangements be 
placed on a common basis and be explained on the supposition of a t > in¬ 
ference of electrons within the molecule. According to him the struc¬ 
tures of organic molecules which undergo intramolecular rearmngenients 
can be represented electronically by one of the following general for- 
mulas: 


:A:B:X: 
Cl> 


a;B:D:X: 


( 2 ) 


in which X is a strongly electronegative atom, and A. B, and D are 
atoms which are neither strongly electronegative nor electropositive 
System 1 contains those molecules which undergo rearrangements of 
the Beckmann, Curtius, Hofmann, and Lossen types. Other rearrange¬ 
ments such as the pinacol and allied rearrangements arc also included 

Ann. IUrU. Chr m. {London), 20 IlMhU <«««• 

" Wbitmoro. J. Am. C’hem. Soc.. 64. 3274 (1932). 
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in this system. The allylic rearrangements take place in molecules 
which belong to system 2. 

When molecules of either of these two types enter into chemical 

reaction in such a manner as to remove the atom X from the system it is 

postulated by Whitmore that X takes with it its shared pair of electrons 

and leaves the atom B or D, as the case may be, with an incomplete 

shell of six electrons. The course of the reaction from this point is 

• • • • 

determined by the changes which take place in the fragment :A:B. 

• • 

Under suitable conditions it may take up a negative ion :Y: from the 

• • 

reaction mixture. This yields the normal product :A:B:Y:. Another 

possibility must be considered if one of the groups attached to A is a 
hydrogen atom. The fragment can now also lose a proton. Under 
these conditions olefinic compounds arc produced. Thus, it is seen 
that on the basis of this mechanism olefins are not necessarily inter¬ 
mediate products in a chemical reaction but are formed as products of 
“side” reactions. This interpretation is significant, for it explains why 
the concept of the intermediate formation of olefinic compounds, which 
has been discussed previously, fails as an explanation of molecular re¬ 
arrangement processes. The third possibility, perhaps the most im¬ 
portant, is stated by Whitmore as follows: “The nature and environment 
of A and B may be such that B has the greater attractions for electrons 
or that A can more readily dispense with a pair of its electrons. In 
either case a change in the fragment will leave A with an open sextet. 

• • •• •• •• 

:A:B —► A: B: 

• • •• •• •• 

The shift of the electron pair includes the atom or group which it holds. 
The new fragment can then recombine with the ion X or with a new 
negative ion Y from the reaction mixture. The result is an ‘abnormal' 
or ‘rearranged product.’ In this manner either the compound XAB 
or YAB is formed.” 

Whitmore also has discussed the nature of the products which may 
be formed when one of the groups attached to the rearranged fragment 
Is a hydrogen atom. Here again as in the original fragment the system 
can stabilize itself by the loss of a proton. However, it can be readily 
seen that the unsaturated compound so formed may not be the same as 
that obtained in the former case. 

This reaction mechanism can be successfully applied to many types 
of intramolecular rearrangements. It has also been very useful as an 
aid in the determination of the nature of “abnormal” products which 
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produces compounds which P nitr ous acid dimethylethyl- 

Thus, when neopentylamine is treat ^ nding (<rt ._ buty lcarbmol is 

o» «* b,.i, o, ,„c 

the reaction is formulated as follows. 

CH, ?. 

CH 3 :C : C:NHt 
CHa H 


Removal 

of Nj 
and :6: U 


CH, 
-> CH.sC : 
CHa 



CHa 
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CH,:C : 

CSNIN 
• • • • • • • 

:0:H 
• • 


CH, 
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H 

Shift of »n 


H 
• • 

• • 

c 

electron^ CHj . c . 

C:CH, 

• • 

H 

pair with 
mctl.yl f»-«P 

• • 

CH, 

• • 

H 


|:6:H 

:0:H 

CHa:C:C*Hb 

CHa 


Other reactions ot 

from ncopenty 1 iodide is chained by Whitmore as follows: 


piainca iu u ..- 

amyl acetate from neopentyl iodide is exp 

OH. H 

CH,:C : C:l: 

.. •• •* 

CHa H 

CHa H 


Rem oval 
of :’i: 


CH, 
CH*:C : 
CHa 
CH, 


H 
• • 

c 
• • 
H 


Migration 

of cur- 


:d:COC!I» , ■■ _ __ 

CH.sC : C:CHa —-» CH,:CsC,H. 

jj :OsCOCH* 

r itri -hutvl compounds from isobutyl alcohol and 
The preparation o ■ on lhc basis of this mechanism. This 

conccpt V alraccoun«s for the failure of all attempts to prepare halides 
of the type R:C:C:X: by the action of such halogenating agents as 

it ii ” 
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hydrogen bromide, phosphorus pentabromide, or thionyl chloride on 
the corresponding carbinol. In these reaction processes the group is 
deprived of an electron pair, and rearrangement within the system can 
then take place. 

This point of view suggests that if reactions are carried out on these 
molecules in such a manner as to remove X without its shared pair of 
electrons then the group has at all times its full quota of electrons, and 
rearrangement is not possible. In this connection the rearrangement of 
certain derivatives of /3,0,/3-triphenylpropionic acid is of special interest. 
Hellcrman 93 has shown that the bromamide and the potassium salt of 
the benzoyl derivative of the hvdroxamic acid rearrange under suitable 
conditions to give /3,/3,/3-triphenylethylamine. The process is accompa¬ 
nied by no rearrangement within the triphenylethyl group. 

O 

(C a H 5 ) 3 C—CII,C—X—II — (CeII 6 )sC—CH a NH a 

Br 


Whitmore and Ilomcyer 94 have studied the Hofmann rearrangement 
of /crl.-butylacctamido. This compound yields neopcntylaminc quanti¬ 
tatively. No rearrangement takes place within the ncopentyl group. 
These investigators picture this striking difference in the behavior of 
this group in different classes of compounds on the following basis: 

The break in the molecule leaves the neopcntyl 

:X: - group with an incomplete shell of electrons. 

Rearrangement within the group is possible. 

The break in the molecule leaves the neopentyl 

(CIIj)iC:C: CONFIj - group with its complete octet of electrons. No 

II rearrangement is possible within the group. 

The application of these principles has suggested a method for the 
preparation of fcr/.-butylinethyl chloride (neopentyl chloride). It has 
been shown above that it is not possible to obtain this type of compound 
bv the action of the common halogcnating agents on /c/7.-butylcarbinoL 
However, if the substitution is carried out so as to leave the neopentyl 
group with its full quota of electrons it should be possible to prepare 
this primary chloride. This task has been accomplished by Fleming 
and Whitmore. 94 The chlorination of 2,2-dimethvlpropane (neopcntanc) 
yields this halide. 


H 

(Cll.bCiC 
• • 

H 


01 Hellcrman. ibid.. 43. 1735 (19.7). 

51 Whitmore mul Homcycr. ibid.. 04. 3435 (1932) 
81 Fleming mul Whitmore, ibid., 54. 3400 (1932). 
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CH 3 
CH 3 :C : 
C1I 3 


H 

C: 
• • 
II 


H + : Cl: 


Cl: 


CH 3 ?. 

HCl + CH 3 :C : C:ci: 

•• • • •• 

CH a H 


Tt is of interest to note that after it is formed neopentyl chloride 
surprisingly stable chloride. However, it can be stated with certainty 
?hat d metathetical reactions are carried out on it in such a manner 
as to remove the chlorine atom with its shared pair of electrons, rea - 

Whitmore 11 tertiary butyl compounds takes place when 

“ *? Gri ”'* 1 , d '“Ctl, "tat i. n.o„ 

rst SS5T- S?SK- «— “ k “ 

in such a way as to involve momentarily a scission of the molecule R:X. 

into the system of potentially neutral free radicals y^ then 
the failure to give products of rearrangement is understood, and ts to 
be expected. 

R:X: + Me: - M« : “* R:Ms: .* : 

no n.arrangements .i.yohmg^.,^ JP rcurranBPmcnts are on record. 

m the chemi rearrangement occurs during those re- 

However, it is protaUo « , formation of ,|.c Grignard 

aetion pro^ wlueh tak p ac.-f.^f ^ ^ Mkyl . or 

reagent, and not dun.fiI ^ Gilman and Harris » have 

aiyknagnesiuni ludidi it- ■ propa red from cinnamyl chloride, 

SS^S^S^nets'ehieny to give products of the type 

S: !•«!;— k..*. »«-.««. «• «*«» 

Auitlin and Johnson, ibid.. 64. C»I7 (193-). 
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CoH 5 CH—CH=CH 2 . One of their several interpretations involves the 

I 

X 

intermediate formation of free radicals. (See also p. 516). 


CaHft—CH=CH—CHaCl + Mg -* C 6 H 6 CH=CH—CH*— + —MgCl 

Rearrangement 


CflHft—CH=CH—CHj— 
CflHfcCH—CH==CHj 

I 


C fl H 6 CH—CH=«CH 2 + C0 2 


-> 


—MgCl 


HOH 


-> C«H|—CH—CH—CH 2 
MgCl 

■> CeHgCH—CH=*=CH* 


I 

MgCl 


I 

COjH 


This particular interpretation is unlikely on the basis of the electronic 
mechanism outlined above. This concept would have one view the re¬ 
arrangement as taking place after the formation of the Grignard reagent. 


C e Hg— CH—CH—CH,C1 + Mg -> 

CgHftCH—CH—CHjMgCl co » (Hon) -> C«H S —CH—CH=CH, 

CO a H 

Evidence for this latter formulation is found in the behavior of the 
Grignard reagent prepared from benzyl chloride. It has previously been 
seen that in some of its reactions this compound yields products which 
are formed by processes involving molecular rearrangements. Other 
illustrations 98 could be given, as for example the action of formaldehyde, 
benzaldehyde, ethyl chlorocarbonate, and acetyl chloride on benzyl- 
magnesium chloride. It also gives in some cases the normal and ex¬ 
pected product. Coleman and Forrester 98 have observed that mono- 
chloroaminc reacts with benzylmagnesium chloride to give benzyla- 
mine. No indication of the formation of the rearrangement product, 
o-toluidine, was noted. They also studied the action of monochloro- 
aminc on a-naphthylmethylmagnesium chloride. Similar results were 
obtained, although it is known that in some of its reactions this Grig¬ 
nard compound reacts abnormally. Therefore, it must be assumed, at 

** Colcmnn and Forrester, ibid., 68, 27 (193G). 
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least in these reactions, that the normal Grignard reagent is first formed, 
and that rearrangement occurs in the reactions which follow. 


CHsMgCl 


O 


CHjMgCl 


O 


+ CH*0 


+ NH*CI 


HOH 


rearrangement 


CH, 

O' 


CH2OH 


CH*NHj 


OO 


CHjMgCl 


+ NHjCl 


+ CHjO tHOH) 

rearrangement 


o 

OO 


+ MgCU 
CHjNHt 


+ MgCU 


■ OO c "° H 


Another example may be profitably cited. Ford, Thompson, and 
Marvel” have studied rearrangements of polyynes. The> ‘ a ) e T 
ported that when the Grignard reagent of phcn>d-fcr<.-butyl-«crt.^but>l- 

the n resulti^^r^''et W k* C aii ^llcne derivative. "^Thcy 

haveTomulated the reaction as taking place in the following manner: 


Cell* 

I 


C»H 6 


(CHa)»C—CsC C Hr + Mg - (CH^C-C^C-C-MgBr 
C(CII*)a C(CII*)j 


non 


(CII*)*C—CH=C=C 


/ 


C.H* 


\ 


C(CHj) 
CelU 

/ 

- CO »—» (CHj)jC C=C=C 
non | \ 

COjH C(CH*)j 


» Ford. Thompson, and Morvcl. .W-, .7, 2010 IHW. 
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CIC °°g g» (CH 3 ) 3 C—C=C=C 

C0 2 CH 3 C(CH 3 ) 3 

Thus, this interpretation would appear to be in agreement with the 
concept under discussion. 

The electronic mechanism has been used with marked success to 
explain the various products formed in the dehydration of alcohols. It 
has been previously pointed out that according to Lachman 48148 the 
changes involved in the pinacol and allied rearrangements are essen¬ 
tially oxidation-reduction processes which involve a transference of 
electrons within the molecule. According to Whitmore 92 this process 
takes place in the following manner. “The more reactive hydroxyl . . . 
is removed in the course of the reaction, leaving an open sextet which 
is completed by a rearrangement.” 


R R 

II:0:C : CsR 
• • • • • • 

R :0: 

ii 


R R 

H:0:C:C:R+ :0:H -> 
•• •• •• 

R 


R R 


H:0:C : C:R 


:0: R 
• • 

H 


R 

R:C:C:R + H*0 

"OR 
• • • • 


The rearrangement of the iodohydrins follow's a similar course. 

It should be noted at this point, however, that it has been pointed 
out both by Wallis and Whitmore 100 and by Bartlett and Pockel 101 
that the open sextet actually never does exist as such, for the removal 
of the hydroxyl group with its electron pair and the rearrangement of 
the radical, R, occur simultaneously. Bartlett has further concluded 
that in rearrangements of this type as well as in the Wagner-Meerwein 
transformations the migrating group approaches its new carbon center 
from the rear, and thus produces an inversion of configuration when 
optically active compounds of these types are allowed to rearrange. 
Bernstein and Whitmore 102 have considered this point of view in their 
analysis of the semi-pinacolic deamination of dextrorotatory 1,1-di- 
pheny 1-2-amino- 1-propanol to methylphenylacetophenone 

100 Wallis and Whitmore, ibid.. 56. 1427 (1934). 

101 Bartlett and Pockel. ibid.. 69. 820 (1937). 

101 Bernstein and Whitmore, ibid.. 61. 1324 (1939). 
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CH 3 C 6 H 6 
H—C-C—CeHs 

I I 

NH, OH 


CH 3 O 

I ✓ 

C«H &—C—C-—C «H 6 
H 


If it is to be assumed that in rearrangements of the Curtius, Lossen, 
and Hofmann types the transformation occurs with retention of con¬ 
figuration then their experiments clearly indicate that Bartlett s views 
are correct. That retention of configuration during the Hofmann re¬ 
arrangement can occur in hindered systems has been demonstrated b> 
Bartlett and Knox •“ in the following senes of reactions. 



Noyes ■« has also described experiments lending to a similar con¬ 
clusion in his studies of the degradation of the camphoric acids. 


II 


CH t - 

-CHCOOII 

-Cl I*—C—Nils 
| 


CIIj—C—CHa _> 

CII 3 —C—CII 3 

1 

Pii-- 

c coon 

Lcili— c—COOH 


1 

CHa 

1 

CII, 


Lactam 


C!» 


(1916)^34,”l007 ( 1012 ): Noyc. and Nickcll. ibid.. 36. 11H (10141. 
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NH 2 

I 

C—H 

CH, 

CHj C CHa foSTu&m 

| 

C—COOH 

I 

CH, 

trant 

It is to be mentioned that in this case the rearrangement has been 
carried out under asymmetric conditions and that consequently other 
directive forces may come into play. In the interest, of generality it 
would be desirable to establish a rigid configurational relationship in the 
system R 1 R 2 R 3 C—COOH —* RjR 2 R 3 C—NH 2 . Only then would it be 
possible to state with certainty that the Hofmann rearrangement always 
occurs with retention of configuration. The essential point in question, 
namely whether in the absence of special directive forces an asymmetric 
carbon atom can preserve its configuration when it migrates with an 
electron pair from A to B, has been rigorously proved, however, in the 
investigations of Lane and Wallis ,os on the Wolff rearrangement of 
optically active diazoketones, for in this case the necessary configura¬ 
tional relationships are readily obtainable. The proof was achieved by 
the following cyclic process: 





R—CO*H — S .° --— > R—CO—CHNi . lh °- A « ,0 - > R—CH*—CO2II 


1 CIIjNj 

i (i) 

R—CO— NHC*H 4 Br-p 
t soci, 


UjNCilliBr-p 

(5) 


R—CO*H 


NarSjO, 

(2) 


Barbicr- Wicland 

degradation 

(4) 


CHjNj 



Lnno and Wallis, ibid.. 63. 1674 (19411. 
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Since only step 2 in this cycle involved the breaking of a bond of the 
asymmetric center, it is clearly established that m this step the \\ olff 
rearrangement proceeded without a Walden inversion. The assumpt.on 
of Bernstein and Whitmore seems, therefore, to be justified. 

Un fitting to point out that these views of an electronic mechanism 

ouZ *“ "ho W - r ’ 

they need to be extended to explain the results of McKenzie, Koger 

and^McKay, 106 in their studies on the pinacol rearrangement of optical^ 
active 1,2-diphenyl-1-o-tolylethanediol, 


CeHsv 

OH 


< C ‘ H ' 

1 X H 

OH 


Dehydration with dilute sulfuric acid gives an aldehyde, 

(C«H»)«C—CHO 

o-C,H, 

and an optically active ketone ^ Q 

C.H.\ 1 II u 

yc —c—t «h» 

0-C;H/ 

sponding optically active '" l differently. No aldehydes are fonned 

diol-1,2. This compound behaves dinerenuy. j H Q 

C ‘ H *\ 1 

on rearrangement, and the p-tdyldcsoxybeMoin, C C C.H. 

p-Cinr 

. • n i n(A iv innetive when either oxalic acid, cold 
which is formed “ comp X ., cid is used as the dehydrating agent 
sulfuric acid, or hotdilut in rcsults Ls hard to understand. 

At first glance tins there are good reasons for these 

However, ^ ti ..ns. If we recall the strengths of the acids, 

differences in their observa^^ ^ ;Molulc , lci(1 (r) , w , find that (a) - 

o-toluic acid (a), . kcr lkan ({,). In terms of electrons 

stronger than ^ " ^the methyl ^oup in the para- 

position U > clectron°rcpelling and in the ^position is electron at- 

‘'“-^Konno, Roue. uad McKay. 7. CW Sac.. 2S97 1.932,: Ho.cr and McKay. M 
332 (1033). 
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If this is correct the results outlined above are easily understood. 

• • 

In the case of the o-tolyldiol the removal of the :0:H group with its 

• • 

octet will be made more difficult and the ease of rearrangement of the 
:H with its electron pair will be made greater. Consequently the time in 

:OH 

which the molecule will exist in an intermediate state, C 8 H 6 :C: C—Cells, 

0 -C 7 K 7 H 

will be very short indeed. On the other hand in the p-tolyldiol the re¬ 
verse will be true and consequently racemization can take place with 
far greater readiness. 

Experiments on the Chapman rearrangement would be of great 
interest from this point of view. 


OR' 

/ 

R—C=N—R 


O 

✓ 

R—C—N—R 


where R # is an optically active radical. 
Kinetic studies of rearrangements 


R' 


by Hauser 


and 

>0 


collabo- 


S” S' 

rators ,o; of compounds of the type CeII*C—Nil—O—C—CeH 4 X' and 


,0 


X> 


XCell^C—X(II)0C—Cells also clearly bring out this effect. From such 
experiments it can be concluded that the rate-determining step in the 

process is the release of the —O—C—CeII«X' or —OC—Cells as anion. 
1 he rearrangements are facilitated by the electron-repulsive charac¬ 
ters of X and the electron-attractive characters in X'. 

\\ hen the group containing X' has a methyl group in the para- 
position the rate of rearrangement is slower than it is when the methyl 
group is in t he ortho- position. The opposite is true when 0 -CH 3 and 
p-C H 3 arc in position X. Furthermore, the logarithms of the velocity 

coefficients for the transformations of Cells— C—XII—O—CO— CeH 4 X' 
gives a straight line when plotted against the value of log A' for the acids 
X'C 0 H.,COOII even when X' is in tlie ortho-position. The linear rela- 

S° 

tionship does not hold for X—Celle-C—X(II)OCO—C 6 H 6 . Thus, the 

107 Hausor and co-workers, J. Am. t hem. Sue.. 69. 121 (1937); 69. 230S (1937): 61, 61S 
(1939). 
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quantitative correlation is true only where the variable group is in the 

acid portion of the molecule. ...... T . 

The electronic mechanism as outlined has other limitations. It 
does not aid one in predicting the nature of the products formed when 
the groups attached to the two central carbon atoms of the pmacol 
are different. However, Ingold '•« has treated this problem also from 
the electronic viewpoint and has come to ccrtam conclus , o^ «luch 
are of interest. According to h.m, in compounds of the I 
RR,C(OH)C(OH)R 2 R 3 . the nature of the ketone which is formed inll 
depend on the particular hydroxyl group which is eliminated as uater 
during the reaction process. This elimination in turn depends on he 
capacity for electron release of the groups which are attached o the 
two central carb on atoms. The hydroxyl group will be removed from 
that carbon atom whose groups have the e reatC3 t capnaty for eJetron 
release, Ingold -points_ out that in 

SMsas ftsas jus 

manner: 

(а) H < alkyl (CHj, C*Hi) 

-OH .OH 

.OL- 

C 6 H 6 C 6 H 4 

(б) alkyl < aryl (C*H$, etc.) 

-OH .OH 

A A— —ch 2 c c h 5 ->-c 6 h 5 cHj 



H CH 2 C 6 IU 


-CH—C—CH 2 C 6 H 5 
C 6 H, 


Many other compounds involving rearrangements of this type have been 
Many other compou but thc pnneiples involved 

discussed by h..mlfro nth.P»' ^ ^ (o slate (hat , h e 

arc essentially i . id uppa rently follow similar rules, and 

rearrangements of ethylene « PP * according to the 

appear that in some instances there are exceptions. Uiy and Slims 

Ingold. Ann. R.V-. CUm. ^ 

»o» L6vy and Sfiras. Compl. rend.. 1M, 1J35 (1927). 
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have studied the rearrangement of some ethylene oxides of the type 

C 6 H B (CH 2 )n—CH -CH 2 [n = 1 to 4]. They report that on rearrangement 

\/ 

the hydrogen atom migrates in preference to either the benzyl group, 
the phenylethyl group, the phenylpropyl group, or the phenylbutyl 
group. Thus, 

/°\ 

R-(CH 2 )-CH-CH, R—(CH,) n —C—CH, 


It must be stated, however, that these rearrangements were carried out 
under drastic conditions. The isomerization was produced by heating 
the oxides with zinc chloride, or by passing the vapors over alumina at 
260°. Therefore, their results may be explained on the assumption 
that under such conditions a further isomerization of the primary prod¬ 
uct takes place. 110 

Interesting application of the electronic concept has been made to 
allylic systems. Whitmore K formulated the change: 


A: :B:D:X: 


Removal 
of :X: 


-> A: :B:D 


Shift of 

.f— p*,* A:B::D 


Union 


with :X: or :Y: 


■* :Y:A:B::D 


1 he ease X — \ (triad anion tautomerism) has been similarly discussed 
by Ingold for systems: 


R 


Tr 

CII—CII—CH, 


It 


CH=CH—CH,X 


Here also the ease with which the anion X leaves the system depends 
in part on the capacity of the group R for electron release, that is, to 
supply electrons to the “depleted” carbon atom. A study of a number 
of such systems where R is p-chlorophenyl, p-tolyl, phenyl, methyl, etc., 
shows that the order is 


P-C1C 6 II4 > P-CH,C.H 4 > Cells > CII 3 > H 

Ingold also points out that, in all these systems, X will take its position 
“adjacent to the least activating of the terminal groups.” The particu¬ 
lar type of triad anion tautomerism, (X = Y), discussed in the preced¬ 
ing paragraph would be formulated as follows: 

1,0 Bennett and Chnpman. Ann. Rcpls. Chrm. Soc. {London). 27. 117 (1930). 





:X:H H 

R:C:C::C:H 

• • 

H 
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H H 

R:C:C: :C:H 

• • 

H 
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Removal 
of :X: 


Shift of 


an electron pair 

H H 

R:C::C:C 

•« •• 

II H 


Union with 




H H 

R:C: :C:C: X: 

•• •• •• 

H H 


It is to be noted that, in Whitmore's formulation, the exchange of 
Y for X in either :A::B:ij:X: or :X:A:B::D should lead to the same 

products :Y:A:B::D or A::B:D:Y: or to the same mixture of these 
two. since,""regardless of which impound is taken, the reaction must 
proceed through the resonating pair of intermediates A:: B:D. A. B. .D. 
The equilibrium value of this resonance will determine the oompos.tion 

of such a tnechamsm eons. ,u edcorrespond- 
product the rema.mng ,»«« ,uc * b “ i( K „ f r( , lction proceeding by such 
ing to the alcohol us. d. 1 1 . |< ., ivil v „f lhc hydrogen bromide 

a mechanism was determined j • ^ hydrobromic a cid 

ZSoTrZ composition of .... mixture of bromides was 

also markedly affected *take place within 
This ,nten»retnt»n of .1 * aIU , of freedom from ab- 

these systems has the ad ' a , t I1IUS , bc remembered, however, 

Htractncss and vuru- y <» * previously been discussed, such 

,h„t here, as in other ; of lh e group R on the ease 

a mechanism to.U one »» b ng <* and for such information 

of rearrangement. Herein n**» 

more experimental fa '\ S '''i' : ',s'ls-en used to explain the Wagner re- 

'I he electronic n«u ,. [„ K old ,os ‘ uses the same prill- 

arrangement of <" f liave i,,.,.,, outlined above. A closely 

eiples of electron 1 givc „ by Robinson,“* in which 

analogous mterpretat.on ha. ■ ^ ^ ^ ^ ^ ^ ^ 

1,1 Young and I-«nc. J. '*«•. ' l928) . | llRO i,| al „l Smith. i bid.. -'"5- • 

»•* Burton and IngoM. J < lt,,n ■ • '*" ^ 

Ingokl and Shoppe*-, ibid.. 11199 < U»-- *• /f(l/ 44 45 O (19251; J • Ck,m. S.*.. 1010. 

»•» Robinson and eo-worken*. J. • • 

KUO (1925); ibid.. 401 < l 
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his earlier theories involving partial valencies have been reexpressed in 
terms of electronic displacements equivalent to the polar partial valency 
symbols previously used. The reaction studied by Wallis and Bowman 81 
may serve as an illustration of this transformation. In terms of an 
electronic mechanism based upon the principles of Jones, Stieglitz, and 
Whitmore, at least for that portion which gives rise to an optically 
active product, the reaction may be formulated in the following manner: 


H 

H 

/ 

R, OH 

^ 1 1 

Rz—C—CH 2 

/ \ 

Ri OH 

|i : 

B 1 

Rr—C CH. 

1 

R3 

\ 

/ 

R* 


H 

\ 

Ri OH 

II 

r 2 —c—ch 2 
R* 


It is to be remembered, as has been stated previously, that this mecha¬ 
nism implies that the hydrocarbon radical supplying the hydrogen atom 
eliminated as water is not the radical which migrates to the adjoining 
carbon atom. In this respect it is in effect opposed to that of Ruzicka . 114 
T here are instances, however, of this type of rearrangement in which no 
water is eliminated during the rearrangement process. The reaction 
studied by Wallis and Bowman 74 Is an illustration of the point under 
discussion. Therefore, it would seem that an electronic mechanism 
based on the principles of Jones, Stieglitz, and Whitmore more nearly 
represents the true picture of the reaction process at least for that por¬ 
tion which gives rise to an optically active product. In terms of these 
concepts the reaction would be formulated in the following manner: 


Ri II 

Rt:C :C:6:H 
Ra H “ 

R, II 

R 2 :C :C:R, 

• • 

H 


Itcmoval 


of :d:|I 


Rl H 

.. •• Shift of an 

:C ~£, Ion paiT > 
Ri H wi ' h ‘ ,m,p 


Union with . 


Ri H 


■» R*:C : C:R, - Lo "°' H,0 > 


:0:n or :CI: . 

H:0: H 


or 


HCI 


R 


l 


OCl:) 

• • 

R/ II 


R 2 :C ::C:R 3 or R 2 :C* :C:R, 

• • * 

H ii 

boo. also, Zu p fe^Af onats'h *, 25. 0 124 U904) 9 * ^ 1 Rl,Z,Cka and L,cbl< ibid - 6 - 267 (1923,; 
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Similar mechanisms have been proposed by Whitmore * to explain the 
nature of the products formed in the dehydration of other types of 

a ' C °An'electronic mechanism may be used with success to explain various 
other types of intramolecular rearrangements. For examplei, Ingo d 
has recently studied the benzidine rearrangement, and has found to 
be an intramolecular process. It is pertinent that brief description of 
his method be given. Two benzidine transformations were carried out 
in the same homogeneous solution. Two hydrazobenzene der.va ives 
were selected which would undergo rearrangement at comparable speeds^ 
and which were also of such a nature as to insure a ^me 'onvem.on 
without a simultaneous semidine isomenzat.om It 
when mixed in equimolecular concentrations and allowed to rearrange, 
each acted independently of the other, and that no mixed benzidine 
f j From these results Ingold concluded that there \sas no 

separation*!)! gro^s’eS/as ions of as radicals 

link is broken the pora-positions must come with n each other s sph^f 
influence. The rearrangement takes place within the^ molecule. He 


rQl-^Ol 



, . the reaction process has recently been 

criticized by Rob ‘"“% "™ c h imin0 sails should readily hydrolyze to 
were an intermediate, * |uc(s xvhlch | iaV c not been observed 

give phenols and ammonia,* ^ then this formulation is applied to 
^SK-beo^ compounds of the type 

should be produced. This also never happens. Therefore, Robinson 
proposes the following: 

m In «° ld ° nd Soc - 220 (1941) - 
m Robinson, "Presidential Aaurcas. 
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1. First phase 





(a) is a “full one-electron make 
or break of a covalency.*' 

The arrows are displacements of 
very small extent relative to (a), 
(a) and (b) are irreversible. 


2. Second phase 


(a) Right-hand 
nucleus 


NH/03> 



anionoid 


complex (i.e., electron donor). 



Electron donor 


These changes relieve the strain in the electromeric system without re¬ 
versing the first phase and insure the preservation of the aromatic 
character of both nuclei. The simultaneous operation of both phases 
constitutes a process of intramolecular oxidation and reduction which 
leads directly to the formation of the benzidinium salt (III). The hy¬ 
dra zo group is reduced by the electrons which pass through the conduct¬ 
ing aromatic nuclei. The para-positions at the same time lose two pro¬ 
tons and two electrons, and become oxidized. Robinson 116 has also 
applied this mechanism to the semidinc rearrangement and certain other 
oxidation processes. 

The application of this concept to intramolecular rearrangements 
gives us an explanation of certain other interesting facts. In a study of 
certain intramolecular rearrangements involving optically active radi¬ 
cals, notably of the Curtius, Hofmann, and Lossen types, it has been 
shown that not only does the optically active group maintain an asym¬ 
metric configuration during the rearrangement, but also that no appre¬ 
ciable racemization occurs during such transformations. These facts 
are significant in view of the presence of partial or complete racemiza- 
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tion always observed in the rearrangements of optically active pinacols, 
alkyl phenyl ethers, and ferf.-alkylcarbinols. On the basis of an elec¬ 
tronic mechanism this difference in the optical stability of the tncovalent 
groups is to be expected. The electronic nature of the group containing 
the asymmetric carbon atom is different in the two classes of rearrange¬ 
ments. In the former case, according to the ideas of Stieglitz 2i - 30 - 
and of Whitmorethe rearrangement process involves a shift of an 
electron pair with its attached group. Thus at no time is the asymmetric 
carbon atom without its full quota of electrons. 


O 


O 


R:C:X:X 
• • 

Y 


- r:C:X + X:Y - R:N:C:o: 
• • • • 

K. 

R: = K*:C: 

• • 

11 


In rearrangements of pinaeols. and terf.-alkylcarb.no s, however, the 
optically active group is deprived momentarily of an electron pa.r, 

Pina col rearrangement of 3 -phcnyl- 2 -bcnryl-l-naphthylpropane- 

diol-1,2. 

H H » 

:6: :0: :0:H 

C,H,CH,:C : C:Ci.H, — C,H»C!I,:C:C:C»H : + :0:H 
C.H»CH, ii CI1-C.1U 

II 11 

:o: H JO: l 1 . 

Rearran g emen t^ " . .> ]|;0:C l ClCfoHj 

" C ‘ H,C,I, C.II 1 CH; CI1*C«1U • :n CeVnCIl, CH-CelU 

O CioH, 

if ✓ / 

— > ('elUCllsC-I’ll 

ii*o \ 

CH-CelU 

Partially 

Therefore, its electronic nature is different and it should not be antici¬ 
pated, even though the migrating group is never free, as the results of 
Wallis and Moyer *■ have shown, that such a group with a sextet of 
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electrons would have as great optical stability as one in which the 
asymmetric carbon atom has at all times its complete octet of electrons. 

Recent considerations of the Wolff rearrangement give further sup¬ 
port to these views. This reaction has long been regarded as analogous 


O 


to the Curtius type of rearrangement, the shift of a — C^N< fragment 

sQ. 

in the latter process being formally replaced by the fragment —C—-C< 
Thus Arndt and Eistert 117 have formulated the rearrangement as follows 


: 0 : 


H 


R:C:C:N:::N: 
• • 

R:C:C:A 

H 


Colloidal 


H:A 


• O • 
m*H 

R:C:C: + N, 

1 

H 

R:C::C::0 


where A is OH“, OEt", NH 2 “, -NHC fl H 6 , etc. 

Since the second step is regarded as involving a shift which leaves 
the radical R always in full possession of its electron pair, it is to be 
expected that on the basis of this formulation an optically active group 
will maintain its asymmetry throughout the process just as in the pre¬ 
ceding case. This conclusion is substantially in agreement with experi¬ 
ment. When R: - (CeH 5 )(CH3)(7i-C 4 H,)C: HA= HOH, C 6 H 5 NH 2 , no 
racemization during rearrangement can be detected. 118 Further, for 


0*N 


R: - 



HA - HOH, CaH 6 NH 2 , no racemization occurs, 


a result which is wholly in accord with the work of Wallis and Moyer 41 
on the Hofmann rearrangement, and which supports the intramolecular 
interpretation of both types of rearrangement. 

It is to be noted, however, that, when R: = (C 8 HsCH 2 )(CH 3 )HC: 
HA = HOH, C 6 H s NH 2 , complete racemization occurs, while for 
HA = HNH 2 partial racemization results. 11 * These facts are surprising 
considering that the stability of the same radical in rearrangement of 
the Curtius type is very probably to be attributed to an enolization of 

117 Arndt and Eistert. Ber., 68. 200 (1935). 

1,8 Lane and Wallis. J. Org. Chcm., 6. 443 (1941). 

m Lane. Willem, Weissbcrgor. and Wallis, ibid., 5, 276 (1940). 
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H O H 

the intermediate C«H,CH,:C :'C: C: facilitated perhaps by the silver ion 

CH. . 

in conjunction with the catalytic silver surface always present in these 

reactions, i.e., 


H O H 

C 6 H s CH 2 : C :“c ”: C *• 
CHa 


t .. 

H : O : - 
1 C«HjCHj : C : C 

CHa C : II 


+ 

+ 

+ 


A6 


rather than to any essential difference in the electronic behavior of the 
benzylmethylcarbinyl radical during the migration process. 

Before concluding this discussion of the electronic concept as an 
explanation of intramolecular rearrangements it is appropriate to con¬ 
sider its application to certain stereochemical problems which are in¬ 
volved in the chemistry of the isomeric oximes. Jones, St.eght^Lach^ 
mann, and Whitmore, whose ideas have been d.scusscd in the preceding 
paragraphs, have not applied their electronic concepts «» problems deal¬ 
ing with the phenomenon of m or Irons elimination of radcasor of 
cis or irons migration of radicals in geometrical isomers. The ideas of 
Mills," however, arc of special interest m this connection. 

It will be recalled that an easy method of converting benzoldoximcs 
into the corresponding nitriles is by the action o aqueous sodium car¬ 
bonate solution on the acetyl derivative of the aldoximc. 

° / 

CtHi—CH”N—0—C—CHj - C.IUC-N + CH.C-OH 

With the aid of the tetrahedral model and of the electronic concept, 
Mills formulates this change as follows: 




H,0 


Thus it can be seen that the products are water, bcnzomtnle, ami the 
acetate ion. According to him the liberation of these components 
which are already present in the acetyl derivative constitutes a second- 

»*• Mills, ChemvUry & Iruiustn,. 61. 755 (1032). 
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ary reaction and is the result of a direct action of the sodium carbonate 
solution. The primary reaction is the removal of a proton by the hy¬ 
droxide to form water. 

Mills describes the sequence of changes as follows: “The elimination 
of acetic acid consists cf a chain of three events, each dependent on the 
next. The first is the removal of a proton. The second is the move¬ 
ment of the nitrogen nucleus to bring it into alignment with the phenyl- 
earbon valency. The third, which is the immediate consequence of the 
second, is the liberation of the ncet-ion. 

“The determining factor which causes the unequal readiness of cis 
and Irons elimination is the linear configuration of benzonitrile. The 
centers of the carbon and nitrogen atoms of the cyanogen group, and 
of the carbon atom of the phenyl group to which it is attached, lie in a 
straight line. The formation of benzonitrile therefore entails the move¬ 
ment of the nitrogen nucleus in the direction shown." 

In discussing this sequence of events Mills points out that in the 
acetates of frnn«-a Id oximes this movement aids the liberation of the 
acetate ion since its direction is away from the acetoxyl group. In the 
acetates of the corresponding c fs-aldoximes the movement of nitrogen 
atom does not give the acetoxyl group equal opportunity to escape as 
the acetate ion. Therefore, since each step in the chain of events is 
dependent on the next, it follows that in the acetates of the r/s-aldoximes 
the tendency to give up a proton to the alkaline solution is less. Conse¬ 
quently these acetates are less acidic, and dehydration is more difficult. 
Thus, Mills' application of the electronic concept leads to the conclu¬ 
sion that the configurations formerly assigned to the aldoximes have to 
be interchanged. This is in agreement with the more recently discovered 
facts. 

Similar relationships hold for the ketoximes. The work of Meisen- 
heimer has shown that in the Beckmann rearrangement the radicals 
which migrate do not lie on the same side of the (’X group. Here, 
also, it has been necessary to interchange the configurations which were 
formerly given to these* isomeric compounds. Mills has proposed an 
interesting explanation of how a fro/is-migration of the group occurs. 

In tin* preceding sections of this chapter the phrase “migration of 
tin* group" has often boon used. Such terms are generally employed. 
Mills points out, however, that if isolated molecules are considered, 
and it is remembered that in nature moment of momentum is conserved, 
then it becomes obvious that very often most of the movement involved 
in a rearrangement is not made by the group but by a particular atom. 1:0 
In th«* oximes it is the nitrogen atom which probably undergoes dis¬ 
placement. Mills represents this change as follows: 
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With the aid of such a diagram it may be seen at a glance that the Irons- 
migration is much more probable. 

This formulation of the rearrangement process, however, is open to 
certain valid criticisms. It must be remembered that the argument of 
Mills, that the total moment of momentum for a molecule must be con¬ 
served in a reaction, is true only for a single molecule which is far away 
from other molecules and from the walls of the reaction vessel In the 
presence of these other molecules no such principle holds, and therefore 
conclusions drawn from it have only accidental validity, l-.ven for an 
isolated molecule the usefulness of this principle is very questionable 
for if the only condition of rearrangement lay in conserving the total 
moment of momentum then it would be possible to bring about any 
kind of internal rearrangement one desired. Since this is not possible 
it would seem that a more fundamental principle is involved. 


APPLICATION OF THE MODERN THEORY °J “*CTION RATES T ° THE 
STUDY OF INTRAMOLECULAR REARRANGEMENTS 

It is now well established that the factor which in reality determines 
whether a molecule can or cannot undergo chcm.cn reaction is the 
amount of internal energy which it possesses. In concluding this chap¬ 
ter it seems fitting to discuss briefly, in the way which has been found 
to be so effective in physical chemistry, the application of this principle 

to reaction processes. . . , 

The chief data used by chemists in determining structure are the 
type reactions which the molecule undergoes. In the past the organic 
chemist has been satisfied with a knowledge of the configuration of 
stable molecules, that is, the relative positions of the atoms, and in some 
instances their interatomic distances. Tins situation however ,s now 
changing rapidly, and at the present time it is possible to understand 
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reactions in a way which was not possible a very few years ago. One 
example will serve to illustrate the point. 

If, in addition to the relative positions of the atoms in a molecule 
and their distance apart, one also knows their vibration frequencies 
and the heat of reaction for a chemical process, it is now possible to cal¬ 
culate the equilibrium constant for the reaction. This has been done 
already for many organic molecules, 121 and the procedure is becoming 
of increasing importance not only to those who wish to understand the 
fundamental principles of chemistry, but also to those who wish to 
apply them. 

The modern theory of reaction rates in the form proposed by Eyring, 122 
and applied by him and his co-workers to several reaction processes, 
proceeds along entirely similar lines. According to Eyring, even for 
very complicated reactions involving one or many molecules, “there is 
some stage (or stages if it be a chain reaction) which is slowest, and, 
therefore, is the rate-determining process.” He calls this stage the ac¬ 
tivated state, and the arrangement of the atoms in this state he desig¬ 
nates as the activated complex. Applying the principles involved in 
chemical equilibria, 123 if one knows the distance between the atoms, 
their vibration frequencies, and the energy of the activated state as 
compared with the initial state, one can calculate the corresponding 
equilibrium constant A'* for the activated complex. Since this complex 
decomposes at the rate kT/h, the specific reaction rate, k', for the reac¬ 
tion is given by the equation 

., .tfK'kT 

k - h «> 

where ,3tr is the chance that a molecule has of decomposing by passing 
once through the activated state, and k, T, and h are Boltzmann’s con¬ 
stant, the absolute temperature, and Planck’s constant, respectively. It is 
at once obvious that since the activated complex has a mean life of h/kT 
which at room temperature is approximately 10~ 13 second it cannot be 
isolated and examined. Conversely, any intermediate compound which 
can be isolated cannot even remotely resemble the activated complex. 
If this is true then any evidence about reaction mechanisms of molecular 
rearrangements which is based ui>on Isolated intermediate compounds 
must be examined very critically. 

Kassel. J. Am. Chem. Soe.. 55. 1351 (1933); J. Chen. Phys., 4. 435 (1936): Smith 
and Vaughan, ibid., 3. 341 (1935). 

l - 7 Eyring. ibid., 3. 107 (1935); Wynne-Joncs and Eyring, ibid., 3, 492 (1935). See. 
ntso, Pelzer and Wigner. Z. phyaik. Chem.. 15B. 445 (1932); Wigner. ibid., 19B, 203 (1932); 
Evans and Polanyi. Tran.*. Faraday Soc.. 21. S75 (1935). 

1,1 Steam, Ri, and Eyring, private communication. 
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Since according to the theory of equilibrium 

K _ 6 -&p/rt = e *s/R . e - A /// f?r 

then we may write equation 1 in the form 

... = *Z! ,-ifVRr = — c asv« . e -a»vsr (2) 

A ^ 

where 1 and AF*, AS* and A//' are the standard increases in free 

energy, entropy, and heat content, respectively, when the activated 
complex is formed from the reactants. A//' can thus be obtained from 
the relation 

A// 1 - RT - </ln -- RT [differential form of (2)) 


AW* and k' being known, AS* can be evaluated. 

It is possible in principle to evaluate Ml and AS from spectro¬ 
scopic data, but, except for a few simple reactions, s.ich a procedure 
which is quite laborious, is not at present satisfactory. The present 
usefulness of equation 2 in organic chemistry, therefore lies more di¬ 
rectly in the study of reaction mechanisms. It is also to be pointed out 
that; for a system which may undergo either of two or more) reactions 
resulting in different sets of products, it is frequently tine that AA i» 
nearly tho same for each reaction. This means that the values o A 
for the two possible reactions k' A and k'a which determine the rcla . e 
yields will depend on factors which affect the values of A// for the two 

reactions. r . ^ 1M have studied the general problem of the 

nitration of monosubstituted benzenes from this point of 
accept the general explanation usually advanced in modern organic 
chemistry as to why some substituents arc ortho- and I""™™**"* 
while others are meta-orienting. It >» to be recalled hat thu^genera 
explanation involves the following two assumptions (a) B> "duct on 
and resonance effects an or, ho- para-or.cnt.ng substituent makes the 
electron density on the corresponding carbon atoms greate tl.ahat 
on the meta-carbon atom. A mcla-or.cnting group nets in the o pos te 
manner. (6) Substituting agents are clectropluhc. i.e.,'- election-seek¬ 
ing, because of this positive nature. Because of this they react most 
easily with that carbon atom which is surrounded by the greatest num- 

ber of electrons. , . . , e ...n.. 

If this explanation is correct then the percentage yields of ortho- 

me,a-, and para-compounds, which of course are proportional to the 


»*« Ri and Eyring, J. Chem. Ph v *.. 8. 433 (IH40). 
1,6 Ingold, J. Chem. Sue., 1130 (1933). 
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corresponding reaction rates, should provide a means of determining 
the charge distribution, and hence should permit calculations of the 
dipole moments of such molecules from rate data alone. If the moments 
so calculated agree with those observed experimentally the above ex¬ 
planation of the orienting power of substituents would have a more sub¬ 
stantial basis, and consequently assumption (6) could be formulated 
more precisely. Conversely, one could also calculate with justification 
the relative rates of substitution in ortho-, meta-, and para-positions 
solely from dipole moments. 


By making certain assumptions Ri and Eyring have done this 
in the ease of the nitration of certain monosubstituted benzenes. By 
means of the same treatment of the problem Steam, Ri, and Eyring 
have also been able to throw light on mechanisms involved in molecular 
rearrangements. It is fitting at this time to discuss such processes from 
this point of view. The pinacol and Hofmann rearrangements may be 
chosen for illustration. 

These investigators are of the opinion that there are two possibilities 
for the mechanism of the pinacol rearrangement. Either the hydroxyl 
group may first be removed, followed by the breaking of the bond hold¬ 
ing the migrating radical, or else the two bonds in question break in the 
reverse order. It seems the more probable that one of the C—OH bonds 
breaks first. For symmetrical pinacols the two C—OH bonds are 
equivalent. Therefore, each bond has the same probability of rupture. 
If such a rupture is the first process then the “migration aptitude” of a 
particular group will have a significance independent of the molecule 
as a whole. On the other hand, for unsymmetrical pinacols the nature 
of the groups will determine largely which of the two C—OH bonds 
will break the more easily. As a result any relative migration aptitudes 
of these groups will depend on their arrangement as well as on their 
individual properties. In the more idealized type cases Eyring and his 
co-workers have pictured more definitely the mechanisms for the svm- 
metrical and the unsymmetrical pinacols. Taking for the purpose of 
i‘lustration a molecule in which the groups R, and R. are of such a 
nature that R, is distinctly more electrophilic than R 2 thev state that 
lor the unsymmetrical pinacol 



smea Ro i.s the stronger electron donor, the earbon to which it is at- 

'* 6 Hi and ICyring. unpultlisliod r.‘suits. 
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tached will have a weaker bond to its oxygen atom than will the other 
earbon, and thus as a net result, R. will migrate predominantly. If 
the R, groups are different but both more electrophilic than R* then 
the relative amounts of R, groups migrating will depend on the indi¬ 
vidual 'migration aptitude.’ It is seen that such a mechanism does not 
preclude the possibility of some migration of R 2 groups. The given 
conditions merely assume that the migration of R, groups predominates. 

Ru 


“For the symmetrical pinacols, 


R > 
u/1 


I 

OH 


/*< 

, each C—OH bond 

OH 


has an equal chance of breaking, and the end result will be the same 
whichever bond breaks. When the OH splits as an ion a-the point mdi- 
cated by the dotted line, taking with it a proton from the other OH to 

rBHSriSrs 

that in a symmetrical, inacol one group migrates predominantly whereas 
in*he*unsymmetrical isomer another group undergoes the change. 
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COMPARISON OF CHEMICAL REACTIVITY 

Introduction. From the time that the student of organic chemistry 
reads an elementary textbook until the day that his contact with the 
science is broken, he will be under the necessity of companng the chemical 
behavior of substances having the same or similar functional groups. 
The number of carbon compounds is so large and so many of them have 
similar reactions that he finds it convenient to relate certain types of 
reaction to certain structures or functional groups. In particular, he finds 
that the principle of homology enables him to group together large num¬ 
bers of compounds which behave similarly under specified conditions. 
However, he realizes as he progresses beyond the most elementary stage 
that not even homologs show identical reactions, and isomers may even 
show qualitative as well as quantitative differences in behavior He 
thus is driven to make comparisons in the chemical behavior of sub- 
stances having similar functional groups. It is the purpose of tins chap¬ 
ter to give an analysis of the methods whereby the chemical miction of 
compounds may be compared and to note some of the simpler rela ion- 
ships of structure and chemical reactivity. An attempt will be made to 
define what may be meant by a statement that compound A is more 
“stable” or “reactive” than compound B, or that radical A is mor 

“negative” or “positive” than radical B. . t . 

Bridgman in his book “The Logic of Modern Physics develops 
the thesis that “physical concepts have meaning only in so far as thej 
can be defined in terms of operations ” Langmuir in Ins Prudential 
address entitled “Modern Concepts in Physics and Their Relation to 
Chemistry” before the American Chemical Society refers to the impor¬ 
tance of Bridgman’s thesis and discusses its relationship to chemistry, 
for "Science” might well replace “Physics" in the title of Bridgman s 
book. Langmuir states that “The progress of modern science depends 
largely upon (1) giving to words meanings as precise as possible , (2) 
definition of concepts in terms of operations; (3) development of models 
(mechanical or mathematical) which have properties analogous to those 

of the phenomena which wc have observed. . . 9 f 

The present chapter is an attempt to illuminate steps 1 and 2 of 
this program so far as it applies to the comparison of the £ 

activity of organic compounds, for in perhaps no other group o 
nomcna is it more necessary that a statement of comparison be linked 
to the operation by means of which the experimental data underlj mg 
the statement were obtained. 

A comparison of the chemical reactivity of two or more compounds 
may be made (A) in a system that is at equilibrium or (B) m a sysbMn 
that is not at equilibrium. These two aspects of the problem hate 

» Langmuir. J. Am. Chun. Sue.. 61. < 19 - 9 >* 
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been variously characterized as “affinity and rates,” “point of equilib¬ 
rium and degree of mobility,” “extent and speed.” The terminology 
is relatively unimportant, but the realization of a fundamental difference 
between the two groups of phenomena is of primary significance. Com¬ 
parisons of the former type are limited to reversible reactions which 
under the conditions of study result in reaction mixtures containing 
calculable or measurable quantities of all the reactants. Such com¬ 
parisons have been made, for example, for the strength of acids and of 
bases, the ester and acetal reactions, the dissociation of the hexasub- 
stituted ethanes, the cnolization of diketones and keto esters, the 
addition of hydrocyanic acid to aldehydes, the isomerization of unsatu¬ 
rated compounds, the rearrangement of halides, and the reduction of 
qui nones. 

The rate aspect of the problem of the relationship of constitution 
to chemical reactivity logically is divisible further into three sections 
because of the differences in the operations which must be resorted to 
in making the comparisons. In the first type of experimentation (Bi), 
rates are measured under identical conditions for the members of a 
group of compounds. In the second type of experimentation (B 2 ), the 
.severity of the conditions necessary for bringing about a given trans¬ 
formation is determined for the compounds to be compared. In the 
third type of experimentation (B 3 ), the relative rates of simultaneous or 
competitive reactions are determined (for each of the compounds to be 
compared) under a standard set of conditions; actually the amounts of 
the products obtained from each compound are usually determined and 
compared with each other or with the amount of the original compound 
which underwent reaction. 

Comparisons of the relative chemical reactivity of substances based 
upon the rates of reaction might be carried out on any reaction, irrespec¬ 
tive of whether it were reversible or irreversible, and, in fact, many such 
comparisons have been made. The illustrations of such comparisons 
given below are selected because of the care and completeness evidenced 
in the study, and perhaps localise the author of this chapter was par¬ 
ticularly interested in the results. Many equally meritorious pieces of 
work have been omitted because of the lack of space. 

Strength of Acids and Bases. The most extensive comparisons with 
respect to the relation of structure of organic compounds to their chemi¬ 
cal behavior in a reversible reaction have been those which were con¬ 
cerned with the strength of organic acids and bases. 

The resulting data are so voluminous that no attempt will be made 
to present them here. However, the range in the strength of organic 
acids is much greater than would be indicated by the measurements 
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made in water solutions, on which most computations arc based. Con- 
ant 2 has pointed out that the typical aliphatic carboxylic acid is per¬ 
haps 10 20 as strong an acid as triphenylmethane yet acetamide in acetic 
acid is 10 6 as strong as acetic acid in water solution. 

Conan t and Wheland 3 made a comparison of very weak acids by a 
novel method (p. 533) which took advantage of the partition of Na* 
or K + between the acid radicals, i.c., RH + R'KssRK + R H. If a 
given R gives up hydrogen to R' then R Is more acidic, l.c negative, 
than R'. The exchange was carried out in ether between selected pairs 
of compounds from a group of eleven weak acids. Whether an exchange 
had taken place between a given pair of compounds was determined by 
the color changes in the ether solution or by carbonating the mctalhc 
compound after an opportunity for exchange had been allowed. I he 
carboxylic acid so formed could then be isolated and characterized As 
a result of these comparisons Conant an.l Wheland concluded that the 
order of increasing aridity of the compounds studied was as follows, 
the acidic hydrogen being starred: 

C,H.CH(CH,), < (C»Ili)jC“CHCH» < (C.H.RCH, < <C,H.) S CHC,.H, < 
(C«H.)»CH < (C.IU) S CHC,H.C.IU < 0(C,H,) 1 CH, < 


‘NcHC.II. < C.II,/ . /CH < C,II ‘ C 
,/ XH/ 


OH 

. I 

sen < c’tiuc—ni- 


C.II 

I 

C.II. 

Equilibria in Reaction of Hydrocyanic Acid with Aldehydes and 
Ketones. Lapworth and Manskc* determined the concentrations of 
hydrogen cyanide a. equilibrium in the fonnatmn of cyan,oh;V->n^ 

aldehydes and ketones (p. (MO), i.c., > < =» + < N - > 

A consideration of the procedure which they followed and of tire pre- 
cautions which they took is instructive. The reaction was carried out 
at 20° in alcohol (90 percent C,II,.OII. I percent 11,0) ... the presence of 
. •|i\'«;t Nitric ncid was :»<lclc*ci to neutralize the 

St aHertirctm^ of -he react..- -fore -he uncombi.1 

hydrogen cyanide was estimated by addition of a standard solution of 
silver nitrate. The soluble silver was then estimated by titration. 
The quantity of catalyst <0.1 1 millimole) was small in proportion to h, 
quantity of reactants (approximately 10 rn.lh.nok-), thus tnstmng that 
even though the catalyst combined with one of the reactants the IT. c- 
tive concentrations at equilibrium would Ik- but little modified. was 

* Conant. lnd. Knn- t hem.. 24. 400 < VJSJt. 

•Conant an.. Who. and 7. ( | U3 0,. 

« Lapworth and co-workers. J. < hem. 
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ascertained that variations in the concentration of the catalyst did not 
affect the concentration of cyanide at equilibrium. That a true equi¬ 
librium had been attained was shown (a) by the fact that the same 
concentration of cyanide was found after 0.5 hour as after a day, and 
(6) by the fact that the value of the equilibrium “constant” was inde¬ 
pendent of the concentrations of the reactants. 

Lapworth and Manske note that “It is evident that errors arising 
out of inaccurate measurements of the concentrations entering into the 
formula for the equilibrium constant are proportionately greatest when 
any of the three concentrations becomes very small, and this tends to be 
the case if the cyanohydrin has either a very low or a very high dissocia¬ 
tion constant, the former being particularly unfavorable for accuracy. 
These considerations were always kept in mind while deciding the best 
ranges of concentration and proportions of constituents to be taken in 
the series of measurements made with each aldehyde and ketone 
examined.” 

It may be of interest to note in connection with the tabulation of 
results that an aldehyde or ketone having a value for K less than 0.1 
(10 as tabulated) has a per cent conversion to the cyanohydrin of greater 
than 90 per cent when equimolecular amounts of carbonyl compound 
and hydrogen cyanide arc allowed to react. The per cent conversion to 

TABLE I 


Effect of Substituents on the Extent of the 
Reaction of Hydrogen Cyanide with Derivatives 
of BenzALDEHYDE 


Substituent 

A' X 10 ? 

AF (keal.) 

None (99%) 

0 47 

-3.1 

o-Nitro 

0 07 

-4 2 

m-Nitro 

0 27 

-34 

p-Nitro 

1 81 

-2.3 

o-Chloro 

0 10 

-4.0 

m-Chloro 

0 25 

-3.5 

p-Chloro 

0 49 

-3 1 

o-Methoxy 

0 26 

-3.5 

m-Methoxy 

0 43 

-3 2 

p-M ethoxy (97%) 

3 12 

-2.0 

o-IIydroxy 

1.67 

-2.4 

mi- Hydroxy 

0 48 

-3.1 

p-IIydroxy 

7 66 

-1.5 

w-Methyl 

0 60 

-3 0 

p-Methyl 

1 03 

-2 7 

2-Me-4-MeO 

2.00 

-2.3 

3-Me-4-MeO 

3 82 

-1.9 

p-Di-Me-amino (71%) 

39.00 

-0.5 
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TABLE II 

Effect of Substituents in Ketones on the Extent 
of the Reaction of the Ketone with HCN 


R 

CHjCOR 
Methyl (97%) 
Ethyl 
n-Propyl 
n-Butyl 
Isopropyl 
ter/.-Butyl 
Benzyl 

0-Phenylethyl 

7 -Phenylpropyl 


K X 10 5 
3 05 

2 65 

3 55 
3 20 
1.55 
3 10 
2.15 
3 50 
3 60 


AP (kcal.) 
- 2.0 
- 2.1 
-19 
-20 
-2 4 
-2 0 
- 2.2 
- 2.0 
-1.9 


CelUCOR 
Methyl (46%) 
Ethyl 

n-Propyl (55%) 

n-Butyl 

n-Amyl 

n-Hcxyl 

Isopropyl 

Isobutyl 

Isoamyl 

Isohoxyl 

/er/.-Butyl (91%) 

Cyclohexyl 

Phenyl 


130 

+02 

60 

-0 3 

90 

-0 05 

115 

+0 1 

130 

+0.2 

145 

+0.2 

25 

-0 8 

155 

+0 3 

155 

+0.3 

125 

+0 1 

9 

-1.4 

40 

-0.6 


No reaction 


Cyclic Ketones 
Cyclopentnnonc 
Cyclohexanone 

2- Methylcyclohcxanone 

3- Methylcyclohcxanoi»e 

4- Methylcyclohexanonc 
Cycloheptanone 
Menthonc 

3-Me-2-iao-Pr-cyclohcxanone 

a-Hydrindone 

a-Kctotctrahydronophthftlcnc 

Fluorenonc 

Camphor 

Anthronc 

Xanthone 


1 49 - 2 4 
0 09 " 4 1 
0 06 “ 4 3 
0 30 “ 34 
0 13 -3 9 
7 96 -> 5 
6 54 -1 0 


610.0 +11 

806 0 +1 0 

146 +° 2 

No appreciable reaction 
No appreciable reaction 
No appreciable reuction 



1038 


ORGANIC CHEMISTRY 


cyanohydrin of several carbonyl compounds with an equimolecular 
amount of hydrogen cyanide has been indicated in parentheses in the 
tables. The quantity K is the dissociation constant of the cyanohydrin 
into carbonyl compound and hydrocyanic acid; therefore, the higher 
the value of K the less the extent of the synthetic reaction. 

A consideration of the data on the derivatives of benzaldehyde indi¬ 
cates that the substitution of a nitro, chloro, or methoxy group in the 
ortho -position to the aldehyde group increases the stability of the cyano¬ 
hydrin as compared with benzaldehyde. The nitro, chloro, methoxy, 
hydroxy, and methyl groups have little or no influence in the meta- 
position; in the para -position all (except chloro) exert a markedly nega¬ 
tive influence upon the stability of the addition product. The dimethyl- 
amino group in the para-position greatly decreases the stability of the 
cyanohydrins. 

The data on the methyl ketones indicate that with the exception of 
the isopropyl group there is relatively little difference between methyl, 
ethyl, /i-propyl, isopropyl, 77-butyl, benzyl, phenylcthyl, or phenyl- 
propyl. The affinity of these ketones for the addition of hydrogen 
cyanide is markedly lower than in the case of acetaldehyde and benzal¬ 
dehyde. The phenyl ketones show a very low affinity for the addition 
of hydrogen cyanide, the ultimate effect being noted with diphenyl 
ketone which did not add hydrogen cyanide to an appreciable extent. 
The most striking fact brought out by these data on the phenyl ketones 
is that phenyl isopropyl ketone and phenyl ferf.-butyl ketone have the 
highest affinity for addition of hydrogen cyanide of any of the ketones 
studied. This is surprising because the secondary and tertiary alkyl 
radicals are in several reactions more like the aryl radicals than are the 
primary alkyl groups. 

1'he data on the cyclic ketones apparently show that the cyclopen¬ 
tane ring increases affinity for hydrogen cyanide addition as contrasted 
with the corresponding open-chain ketone, while the cyclohexane ring 
materially increases further the tendency for addition of hydrogen cya¬ 
nide. The seven-mem be red ring in cylcoheptanone shows a low stability 
of the cyanohydrin while the other cyclic ketones studied show a very 
much lower affinity for addition of hydrogen cyanide than would sat¬ 
urated open-chain compounds. 

Oxidation Potentials. The relative strengths as oxidizing agents of 
many quinones have been determined. The strength of a quinone as 
an oxidizing agent is usually expressed in volts with reference to the 
potential of the normal hydrogen electrode. The larger the value of 
the “oxidation” or “oxidation-reduction” potential of a quinone the 
more powerful is the quinone as an oxidizing agent. The reduction of 
a quinone to a hvdroquinone is a strictly reversible process, and an 
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aqueous solution containing appreciable quantities of the two substances 
and a fixed hydrogen-ion concentration establishes a definite and ac¬ 
curately determinable potential at a platinum electrode. The values 
for typical quinones are: diphenoquinone 0.95, p-benzoqumone 0.71, 
1 , 4 -naphthoquinone 0.48, and 9 , 10 -anthraquinone 0.15. 

These four quinones differ very greatly from one anothei as oxidiz¬ 
ing agents. For example, if equimolecular amounts of p-benzoquinone 
and 1, 4 -dihydroxynaphthalene were allowed to react there would be at 
equilibrium only one molecule of p-benzoquinone for approximately 
10,000 molecules of 1 , 4 -naphthoquinone. 

The simple ketones and aldehydes appear to be somewhat similar 
to 9 , 10 -anthraquinone as oxidizing agents.* Their oxidation potentials 
cannot be ascertained by direct measurement at a hydrogen-platinum 
electrode, but the values can be calculated from the concentration at 
equilibrium in such a system as 

r,CO + RjCHOH ^ RjCHOH + RjCO 

where R 2 CO is nnthraquinone, for example, and RjCO Is the ketone 
whose oxidation potential is desired. The n.titaun. may I«- 
lished in the presence of aluminum f-butox.de a. 00 to SO By this 
method, the oxidation potential of benzaldohydo was found to be 0.20, 
cyclohexanone 0.19, acetone 0.Ill, and camphor 0.1 volt 
y Heau o*Hydrogenation. The relative reactivity of a senes of 
compounds from the thermodynamical standpoint may be measured by 
means of the concentrations at equilibrium, us illustrated aboxt for he 

addition of hydrogen cyanide, or by the determination of the potent... 
auuiuon o y . f |hc quln0 nes. Another method 

^measuren.ent'depends'^ipon a knowledge of the heats of reaction 
coupled with the use of the heat capacities of a series of compounds and 

^-«*» in r,1U,i . Vil V 
by the latter method is that of Kistiakowsky and Ins associates. 4 1 hey 
Y i i; ,iv i |w> lu-nts of hvdro K enation of many compound* by 

measured d v >, llh in a calorimeter. The following 

carrying out the ea t., catu'jU _> ,. in kilo|{rain caloric*, 

comparisons arc* slalccJ in u rni. i ok n 

The values for ethylene, bntcnc-1, and butene-2 are .12 b, and ZXM, 
respectively thus indicatin* the dec re ase in - A/ with mcrea.sc m sub- 
! P . V double bond in conjugation also decreases the \aluo ol 

“ofeSe, -he hydrogenation of one double bond in l.uta- 

diene-1,3 gave a value of 20.7, while the value for butene-1 is 30.3 

* Baker .... ... A- ** 

• Ki»tinkow*ky tl at.. «W.. 61. 1**» (1 93W ’ 
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The most striking observation was that the value of — AH for the addi¬ 
tion of one mole of hydrogen to benzene was +5.6. That is to say, the 
saturation of the first double bond in benzene is an endothermic reaction. 
The value of — AH for the second step in the hydrogenation of benzene 
is —26.7, while the third step gives a value of —28.6. 

The data given above are intended merely for illustrative purposes 
since the original papers (1935 to 1939) are so valuable that they should 
be read by anyone interested in the relation of structure to the reactivity 
of the carbon-to-carbon double bond. 

Equilibria in Enolization. Conant and Thompson 7 have augmented 
in a very significant way our knowledge of the relationship of structure 
and the extent of enolization of /3-keto esters and /9-diketones. They 
“measured directly the equilibrium between a keto and an enol isomer 
in the gaseous phase (at low pressures), and thus obtained the free 
energy referred to the gaseous state ( AF° = — RT In A). 

“Since the interconversion of the two isomeric forms does not pro¬ 
ceed directly in the gaseous phase, it *was necessary to use the liquid 
phase as a go-between, as it were. This was accomplished by keeping 
an equilibrium mixture of the keto and enol forms at a given tempera¬ 
ture and measuring the composition of the vapor in equilibrium with 
this mixture. Chemical and physical equilibrium conditions were as¬ 
sured by introducing a small amount of solid barium hydroxide ns a 
catalyst and agitating the liquid sufficiently to keep renewing the sur¬ 
face in contact with the gas phase. The composition of the gas phase 
was determined by withdrawing it at very low pressure (without con¬ 
densation) to a non-catalytic receiver at —80° C. where it was condensed 
without isomerization. It was then analyzed by the usual bromine 
titration method. The results are summarized in Table III. 

“A study of the data shows that the regularities in the free energy of 
enolization referred to the gaseous phase are for the most part lacking 
when the liquid-phase value of K is employed for calculating AF. 

1 bus, the large difference between acetoacetie ester and its alkyl deriva¬ 
tive. (including benzyl) is masked by the disturbing solvent effects 
which here are of the order of 1 keal. In the series of alkyl derivatives 
themselves, the gaseous-phase results show the essential similarity of the 
ethyl, n-propyl, and //-butyl compounds (AF = 1.2 ± 0.1 keal.), and their 
definite but slight difference from the isopropyl derivative (AF — 1.6 
heal.). It is interesting that the free energy of enolization, as determined 
with a dilute hexane solution, parallels the gaseous result closely. If 
further investigation shows that this is true for a large variety of sub¬ 
stances, it would be a matter of some practical as well as theoretical 
7 Conmit and Thompson, ibid., 54. 4044 (1932). 
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TABLE III 


Extent of Enolization 
(Conant and Thompson) 

Gaseous State Pure Liquid In C«Hm (fl.l *0 


Substance 


% Enol 


% Enol 


% Enol 


CH 3 COCH 2 CO 2 CH 3 . 64 

CH 3 C0CH 2 C0 2 C 2 H6. 40 

CH 3 COCH(CH 3 )C0 2 C 2 H*. » 4 

CH3C0CH(C 2 H6)C0 2 C 2 IIs.... 10 

CH3C0CH(n-C 3 H 7 )C0 2 C 2 Hs... 13 

CIl3COCH(»so-C 3 H7)C0 2 C 2 !U 0 

CH 3 COCII(n-C4Ho)C0 2 C 2 lU . I 4 

CHjCOCH(«ec.-C 4 IU)COaCaH». 9 

CH,C0CH(CeH 6 )C0 2 C 2 Hft... 80 

CH 3 C0CH(CH 2 C.IL)C0 2 C 2 IL 12 

CH 3 COCH 2 COCH3. 92 

CH3COCH(CH 3 )COCIh. 44 

CH jCOCH (C*H*)COC 1I 3 . 

CH»COCH(CHjCcH»)COCH,. 70 

CH(C0 2 CH 3 )3. 12 

CelUCOCHaCOCHj. 

CflHfcCOCH(CH 3 )COCH 3 . 

CeHftCOCHaCOCeHt. 

CeH 6 COCH(CII 3 )COC«H6. 


-0 8 
1.2 
-1.3 
0 1 
0 3 
-0.5 
1.2 


1.6 

1.5 

1.9 

2.1 

1.5 
18 
16 
1 4 
0 5 
18 

■0.7 
0 5 
0 6 
-0.25 

2.6 


0.0 
1.1 
1.1 
1.1 
16 
1 3 
1.3 
-0.4 
1.2 
-1.3 
-0 2 
0 6 
-0.5 


• These values are C»«*m other sourees. 

Meyer’s work approaching 

One may sup*** “ «“ | “^ (rmctioil8 of the ke.o and enol forms 

diminished by dilution, and the saturated hydrocarbon has but 

slight molecular ^UracUve forces. Tautomeris m. Among the 

Equilibria an d Ra“ ^hree C , n . oc|lvi(y „ w tIl0se 

ZLSrrS.-ipoi Structure ,0 the rate and extent of 
reaction in three carbon tautomer.sm (p. 1018). 

_ q _ c=C —X ^ —C—C—C —X 

111 ill 

R. P. Linstead has been so kind as to summarize m Table IV some of 




























1042 


ORGANIC CHEMISTRY 


TABLE IV 


Mobility and Equilibria in Three Carbon Tautomerism of Certain Acids, 

Cyanides, and Esters 
_(Compiled by R. P. Linstead) 


Name of a,(J- 
Compound 

a 

Substituents 

0 y V 

Equi¬ 

librium 

Compd 

Mobil¬ 
ity or 
Rate 

Observers 



Acids (X = 

CO?H) 



Crotonic. 

H 

H 

H 

H 

98 

v. high 

L. and Noble 8 

n-Pentenoic. 

H 

H 

Me 

H 

68 

9 8 

L. and Noble 

n-Hexenoic. 

H 

H 

Et 

H 

74 

6.0 

L. and Noble 

a-Methylpentenoic. .. 

Me 

H 

Me 

H 

81 

7.0 

Goldberg and L f . 

<»-Methylhexenoic_ 

Me 

H 

Et 

H 

89 

18 8 

Kon, L., and Mac¬ 








lennan 10 

0-Methylpentcnoic. . . 

H 

Me 

Me 

H 

38 

0.69 

Kon, L., and Wright 11 

7-Methylpcntenoic... 

H 

H 

Me 

Me 

22 

4.5 

L.“ 

0-Ethylpentenoic. 

H 

Et 

Me 

H 

21 

0.64 

Kon, Leton, Parsons, 








and L. 13 

7-Ethyl pcntenoic. 

II 

H 

Me 

Et 

22 

3.1 

L. and Mann 14 

a,/9-Dimcthylpentenoic 

Me 

Me 

Me 

II 

72 

0 12 

Kon, L., and Mac¬ 








lennan 10 

a-Mcthyl-/9-cthylpcn- 

Me 

Et 

Me 

H 

50 

CT 

Kon, Leton, L., and 

tenoic. 







Parsons 13 



Cyanides (X 

- CN) 



Butcnoic. 

II 

II 

H 

H 

EE W 

v. high 

Letch and L. 15 

n-Hexenoic. 

H 

H 

Et 

H 



Letch and L. 

Methyl pentenoic... 

H 

Me 

Me 

H 


v. high 

Kandiah and L. 16 

7-Methylpcntenoic... 

II 

H 

Me 

Me 

K*fl 

170 

Letch nnd L. 15 



Ethyl Esters (X 

- CO*Et) 


n-Hexenoic. 

H 

11 

Et 

11 

ca 92 

153 

Kon, L., nnd Mac¬ 








lennan 10 

a-Methylhcxenoic.... 

Me 

II 

Et 

H 

95 

151 

Kon, L., and Mac¬ 








lennan 

0-Methylpentenoic... 

II 

Me 

Me 

H 

75 

26 

Kon, L., and Mac¬ 








lennan 

7-Metliylpentenoic. . . 

II 

II 

Me 

Me 

ca 10 

high 

L. 17 

a,/9-Dimethylpcntenoic 

Me 

Me 

Me 

II 

94.5 

2 

Kon, L., and Mac¬ 








lennan 10 


* I.instead and Noble. J. Chcm. Soc.. 614 (1934L 
9 Goldberg nnd Linstead. ibid., 2343 (192S). 

10 Kon, Linstead. and Maclennan. ibid., 2452 (1932) 

11 Kon. Linstead. nnd Wright, ibid., 599 (1934). 

,J Linstead. ibid.. 1G03 (1930). 

u K°n. Leton, Linstead. nnd Parsons, ibid., 1411 (1931). 
“ Linstead nnd Mann. ibid.. 2064 (1930). 

,J Letch nnd Linstead. ibid.. 443 (1932). 

Ifl Kandinh and Linstead. ibid.. 2139 (1929). 

Linstead. ibid., 249S (1929). 
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the more significant numerical results of these studies which have to do 
with the behavior of acylic compounds where X is COO , CN, or 

C0 2 Et. , . . , , 

The acids were equilibrated in aqueous solution in the presence of 

excess alkali at 100°. 18 The cyanides and esters were equilibrated^ 
an alcoholic solution using sodium ethoxidc as a catalyst at Zo . 
The analytical method was that described by Linstead and May - and 
depends upon the difference in the ease of addition of iodine to alkene 
linkages in the 0 , 7 - as contrasted with those ... the a./S-position 

The data in the table make it clear that at equilibrium ^substi¬ 
tuted acids exist almost entirely in the afi- form. One y-subst.tuent 
is essential to give some 0,7 stability while a second ^bslituent makto 
the 0 , 7 -unsaturated compound the major component of the equilibrium 
mixture. ^-Substitution favors the 0.7-phaso but not so powerfully a> 
does 7 -substitution. The general effect of the position ofsubsmernnts 
upon the proportion of the tautomers is the same ... the three t> pe» o 
compounds investigated. However, in certain cyclic acids Ar-form 
is favored, e.g., 85 per ee.it 0,7 for cyclopontyhdencacetic acid 88 p.r 
cent for cyclohexylidcneacetic acid, and 07 per cent for cyclohept>l- 

ideneacctic add^titucn t8 havc much the same effect in ketones as in 
acids and esters, but an a-alkyl group causes not on y a grea dwunution 
of mobility but also a pronounced shift in equilibrium towards 
0 7 -Torm The cyclic ketones show remarkable differences; for example 
Kon observed 77 per cent a ,0 for cyclo|>entylidoncacctonc, 2.1 per cent 
i j for cyclohexylidcncarctone, and -10 per cent «,0 for cyclohep.yh- 

d ° n The e re "settle or no correlation between the rate of tautomcrization 
(mobility)' and the extent of the reaction. Alkylation on the 0-carbon 
A y tiir* mobility while a-alkylation produces an enormous slowing 

decreases s> > tcm but not otherwise except in the 

in an already • - * . .« , Cl . rla i n tf-alkylated substances show 

to the absence of added reagents at 

temperatures near their be'Ta^n h. order 

““1 preparation of an un.saturated compound is homogeneous 

'• Linittcful. J. a-in- *'*■• 

>* Kon and LinnU-ad. >-'*•' ' "*J* 

w - 138,19M '- 
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and not a mixture of tautomers. During the period of equilibration 
it is necessary to guard against the formation of lactones, ethoxy esters, 
and other products. 

Shoppee 22 has studied the effect of substituents in the diarylpropene 
and diarylmethylcncazomethine series. 

RC«H 4 CH—CH-r-CHjPh <=* RC 6 H 4 CH 2 —CH=CHPh 

RC 6 H 4 CH=N—CHjPh «=* RC»H 4 CHr^-N=CHPh 
i ii 

With respect to the mobility of these systems he “has shown that the 
variants R in either the m - or p-position fall into the serial order 
Me 2 N < Me < MeO < I < Br < Cl < N0 2 , which is also the order 
of the dipole moments (Chapter 23) of the compounds R—C 0 H 4 — 
The mobilities of the six halides were similar, 6.8 (m) to 10.7 (p), the 
mcthoxyls 0.6 (m) to 2.5 (p), the methyl 0.3 (m) to 1.1 (p), and the 
dimethylamino 0.05 (m) to 0.6 (p) for methyleneazomethine series. 
With respect to the proportion of the isomers at equilibrium, Shoppee 
found that the percentage of the I isomer for the latter series was for 
various substituents as follows: N0 2 , 68 per cent; Me 2 N, 63 per cent; 
Me, 60 per cent; MeO, 55 per cent; I, 42 per cent; Br, 36 per cent; Cl, 35 
per cent. 

Equilibria and Rates in Esterification and Alcoholysis. The rela¬ 
tion of the structure of the alcohol and the acid to the rate and extent 
of esterification has been extensively studied. The comparison of acids 
with respect to their relative rates of reaction with a given alcohol is 
not a simple one, since the rate of the esterification reaction is a function 
of the concentration of the catalyst and the catalyst is the acid or one of 
its dissociation products, the solvated proton. In other words, when 
the rate of esterification of two acids is measured the resultant rate con¬ 
stant is a function not only of the rate of reaction of the acid but also of 
the activity of the acid as a catalyst for its own esterification. Since the 
rate of esterification, over certain ranges of concentration, is propor¬ 
tional to the hydrogen-ion concentration, it is possible to calculate the 
rate of reaction to a standard hydrogen-ion concentration. 

The data given in Tables V and VI are from the papers of Menschut- 
kin -* 3 and indicate the relative rates of reaction of various alcohols and 
acids without added catalyst. The retarding effect of branching of the 
carbon chain shown by trimethyl- and diinethylethylacetic acids is even 
more marked in the 2 , 6 -disubstituted benzoic acids, which do not react 
with alcohols under any known conditions. 

55 Shoppee, J. Ch.'ll,. Soc., 1117 (1933). 

5 * Mcnschutkin, Ann. chim. phys.. 15] 30. SI (1SS3). 
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TABLE V 

Amount of Esterification of Various Alcohols by Acetic 
Acid in 1 Hour at 155 c 


Primary 

Methyl 

Ethyl 

Propyl 

n-Butyl 

n-Octyl 


% 

55.6 
46.9 
46 9 
46 8 

46.6 


Secondary Co 

Dimethylcarbinol 26.5 

Methylethylcnrbinol 22 6 

Methylhcxylcarbinol 21 2 

Methylisopropylcarbinol 18 9 

Diethylcarbinol 16 9 


Tertiary * % 

Trimethylcarhinol 1 4 

Dimethylethylcarbinol 0 8 

Methyldiethylcarbinol 1 0 

Dimcthylpropylcarbinol 2 1 

Dimethylisopropylcarbinol 0 9 


• Dehydration tliu take* place. 

TABLE VI 


Amount of Esteb.f.cat.os of Vabious Acids by Uobctyu Alcohol 

in 1 Hour at 155 

rr ic sft *;* 

Propionic 412 Isobutyric 29.0 Dimethylclhylacct.c 3 5 

The extent of the reaction was 65-70 per cent for the primary alco¬ 
hols, 50-60 per cent for secondary alcohols, and less thani 5 per^ent for 
tertiary alcohols. The extent of reaction of an alcohol and an acid in 
a homogeneous system is not modified by the ca alyst or except to a 
slight extent, by the temperature at which the reaction is studied. How¬ 
ever, the difference between the extent of reaction of ethyl “ cohol and 

w <*> m. b- 

calculated for the alcoholysis reaction, 

UOH + AcOMc AcOR + MeOH 

and the relative values found to be similar to those for the esterification 
reaction, RQH + Ac oiI «=s AcOR + IhO 

The values of SE 

holysis arc as follows. m\un y , , f . . n nii. 

n ‘ h * ptyi : jj: 

0 46 a Tsobut^ipl-oictl.1. 0.42; allyl. 0.38; ibenayl. 0.35; iso- 

u.40, isoDuiy if w.-t-t, I £ -butyl. 0.28. Thu correspond inn 

propyl 0 f 0 ; cyel^y ^ , of thcse a , kj , groups . , 

value for hydrogen (0.19) is less mu j 

. . r 4 >YL,_ Si* 67 193 (1935). Hatch and Adkins, ibid. 

•« Fchlandt and Adkins. J. Am. Chon. 

69 , 1694 ( 1037 ). 
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There is a very great difference between primary, secondary, and 
tertiary alcohols and the halogen acids on the one hand and the car¬ 
boxylic acids on the other. The order of increasing rate of reaction of 
the alcohols with the halogen acids is: primary < secondary < tertiary, 
an order which is the reverse of that observed for acetic acid, for exam¬ 
ple. This is illustrated by the well-known fact that hydrochloric acid 
does not react at a measurable rate with n-butyl alcohol at room tem¬ 
peratures, yet /er/.-butyl chloride is formed almost instantly and in 
high yield from tert .-butyl alcohol under the same conditions. Acetic 
acid reacts more slowly and to a much less extent with /er/.-butvl than 
with n-butyl alcohol. These facts may be rationalized by assuming 
that with acetic acid the hydroxyl group entering into the formation of 
water comes from the acid while with hydrochloric it must come from 
the alcohol. There is reason for believing that the hydrogen of the 
hydroxyl of a primary alcohol is more rapidly replaced than that of a 
tertiary alcohol, while the hydroxyl of a tertiary is more rapidly replaced 
than that of a primary alcohol. 

O O 

II I 1 

DuQ fim rol-CCHa 5=2 BuO—CCHj + II 2 0 
Bti OlTTHl Cl BuCI + II 2 Q 

Equilibria and Rates in Formation of Acetals. The concentration of 
the aldehyde at equilibrium has been determined in the formation of more 
than a hundred acetals. 25 A selection from the data so obtained with 
respect to acetaldehyde and tetrahydrofurfural is given in Table VII. 
If the behavior of ethyl, propyl, butyl, pentyl, and heptyl alcohols with 
acetaldehyde, propionaldehyde, butyraldehvde, or heptaldehyde is ac¬ 
cepted as a standard then the per cent conversion of the straight-chain 
aldehyde with the straight-chain primary alcohols is SO per cent for 1 
mole of aldehyde to 5 moles of alcohol. Similarly, for 8 acetals formed 
from simple aldehydes and the secondary alcohols propanol-2, butanol-2, 
pentanol-2, and octanol-2, the average per cent conversion at equilib- 
rium was 46 per cent, while two tertian* alcohols gave a conversion of 
about 20 per cent. The effect of various structures upon the extent 
of reaction is shown by the figures in Table VIII which indicate the 
divergence of the per cent conversion actually observed from the values 
which were noted as characteristic of the simpler aldehydes and alcohols. 

The figures in the first column of Table VIII reveal the fact that 
substitution of methyl groups in acetaldehyde results in a greatly low- 

51 For leading references to work of Adkins. E. \V. Adams. Hurtling, Street. Broderick 
Mimic, and 1 >unlmr. see 56. -1-tU (l'JU-t). 
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Alcohol 


3-Phenyl propyl... 

n-Octyl. 

n-Dodecyl. 

n-Pcntyl.. 

2-Phenylethyl. 

n-Heptyl. 

n-Butyl.... 

Isobutyl... 

Methyl. 

Ethyl. 

2-Iodocthyl. 

n-Propyl. 

2-Chlorocthyl- 

2-Ethoxycthyl. 

Benzyl. 

Allyl. 

2-Bromocthyl. 

Cyclohexylcurbinol 

Cyclohoxunol. 

Pentanol-2.... 

Butanol-2. 

Octanol-2. . 
Propanol-2 
ferf.-Butyl. 


Acetaldehyde 

Tetrahydrofurfural 

% 

Conversion 

K 

% _ 

Conversion 

K 

9ti 

13 3 

95 

9 5 


95 

95 



<K) 

4 0 

93 

0 5 

89 

3 5 

92 

5 4 

89 

3 5 

92 

5 4 

95 

9 5 

88 

3 1 

80 

1 4 

88 

3 1 

78 

1 2 

87 

2 4 

80 

2 3 

78 

1.2 

79 

1.3 

78 

1 2 

. 

. 

70 

1.1 

80 

1 4 

70 

1.1 

70 

1 1 

74 

0.94 

79 

1 3 

74 

0 94 

79 

1 3 

73 

0 84 

72 

0 77 

71 

0 70 

. 

. 

50 

0 20 

... 

. 

50 

0 20 

SS 

3 1 

53 

0 23 

. 

. 

40 

0 13 

05 

0 47 

40 

0.13 

90 

4 0 

39 

0 10 

49 

0 17 

23 

0 02 

38 

0 07 


TABLE VIII 

CoMi'AHisoxs Acetal Formation • 
Cyclohexyl- Cyolo- 
carbinol 

-24 
-38 
-38 
-39 
-45 
+ 7 


Etlmnol 
- 2 

- 9 
-24 
-35 
-41 

- 2 
-49 

— 1 


t_ycu»- 

hexunol Propanol-2 Octanol-2 


Aldehyde 
Acet- 

Dimethylacct- 
Trimcthylncct- 
Cyclopontyl- 
Benz- 

Hcxuhydrobcnz- 
Furfur- 

Tetrahydrofurfur- “ 1 i ...txractinR sO (primary alcohol.) or 40 t#*ooml»ry 

• The fiRUie* Riven in the table ‘I*” 1 uCv ,„| „( 5 mukfl alcohul and 1 u.-le of aldehyde, 
alcohol.) lion, the percentage conver.K-n to 


+ io 

- 3 

0 


-23 

. .. . 

-30 

-35 

-20 

-11 

-33 

+ 4 

-23 

-32 

+ 3 

+29 

-17 

+28 


-29 

-35 

+42 

+ 3 

+44 
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ered per cent conversion to the acetal in the reaction with ethanol. The 
cyclopentyl radical had a similar effect, while the cyclohexyl group had 
no effect when attached to the aldehyde group. Unsaturation in the 
aldehyde as indicated by the differences between benzaldehyde and 
hexahydrobenzaldehyde, or furfural and tetrahydrofurfural, also greatly 
decreased the conversion to acetal. The same tendency was also noted 
with acrolein (K = 0.17), crotonaldehj'de (0.011), and cinnamaldehyde 
(0.013), the effect being especially marked with the latter two which 
were lower than benzaldehyde (0.16). 

If the behavior of the cy'elic alcohols and cyclic aldehydes toward 
each other is noted it is seen that the relationships are quite far from 
being as consistent as in simpler aldehydes and alcohols. For example, 
cyclohexylcarbinol gives a much lower value for acetaldehyde than do 
other primary alcohols, while cyclohexanol gives a higher value than do 
the simpler secondary alcohols. Cyclohexanol and octanol-2 also give 
abnormally high values with the cyclic aldehydes. 

The studies on the relation of the structure of the aldehyde and 
alcohol to the rate of the acetal reaction are much less comprehensive 
than those with respect to the extent of the reaction described above. 
The matter may be covered in a qualitative way by the statement that 
the unsaturated aldehydes, benzaldehyde, furfural, cinnamic aldehyde, 
and crotonic aldehyde react many times more rapidly than such satu¬ 
rated aldehydes ns acetaldehyde, tetrahydrofurfural, and especially 
hexahydrobenzaldehyde. 

The effect of structure upon the formation of acetals from ketones 
has also been studied on the basis of the reversible reaction, 

R 2 CO + HC(OEt) 3 ♦=* R 2 C(OEt) 2 + HC0 2 Et 
The effect of branching of the carbon chain and of phenyl groups upon 
decreasing the tendency to form acetals is evident from the data in 
Table IX* 

TABLE IX 

Extent of Acetal Formation in Reaction of 0.1 Mole of 
Ortiioformic Ester with 0.1 Mole of Various Ketones 
in a Solution Made up to 50 ml. with Ethyl Alcohol 


Ketone 

r* 

/c 

Acetal 

Ketone 

% 

Acetal 

Dimethyl 

95 

Methyl terl .-butyl 

50 

Methyl ethyl 

90 

Ethyl leri .-butyl 

36 

Methyl /3-phenylcthyl 

89 

Diphenyl 

34 

Methyl phenyl 

8G 

/erf.-Butyl isopropyl 

36 

Methyl neopentyl 

84 

Di-/crf.-butyl 

17 

Di-isopropyl 

05 




29 Pfeiffer and Adkins, ibid., 63. 1043 (1931). 
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Equilibria and Rates in the Formation of Semicarbazones. The 
formation of semicarbazones has been quantitatively stud.ed by Count 
and Bartlett.” The exposition of this study made by Conant is so sig¬ 
nificant that it is quoted below.* 

“This is a case where an equilibrium controls the rate but, in add* 
tion, acid catalysis is involved. The results illustrate the great impor¬ 
tance to organic chemistry of the general theory of acid and basic 
catalysis developed by Bronsted and Lowry in the last few years. The 
general reaction may be illustrated by the reaction of acetone: 

(CH s )jCO + NHjNHCONHi «=* (CHj)»C—NNHCONH, + H,0 

The reaction is reversible, and this fact must be t.k« into account, of 
course, in formulating the kinetic equations where the back reaction 

18 “"A Tt'udy of the reaction rate in a variety of buffer solutions lias 
shown that two opposing factors are at work. On the one hand an 
increase in acidity of the solution beyond about ;>H = 4 9 decrea. es 
the amount of free semiearbazide by salt formation (the pK of 

concentration of the acid. 

R a C*=0 + NH.NHCONH, + HAc (catalyzing acid) *=J 

(partially removed ». Nlli 'NHCONIlj by mer«M* 1 

RjC—NNHCONH, + H-O + HAc 

In an ordinary set of buffer solutions covering a narrow range, increase 

of acidity is effected by increasing the concentration of free acid. here 
ol acidity is en J> h , )U | Tl . rs show u pronounced maximum. 

fore, rate measurements " such conclusion that the rate 

The data ' p, value of the buffer. Measurements 

was controlled solely by 1 £ ' concclltru ,ion of buffering materials, 
made at constant pH but vary t<> )hp conccntration of 

however, show tlmt‘he rate P ' thc relationship of rate of 

catalyzing a«d. T*sulfof an accidental conformity between 
reaction and pH| is thus «hc«*«' of , he usua , wny „f making 

pH and acid ^nccntration • by thc facl that 

Jh™.-H to „.o ot roaclion i, -M. 

from that with acetate as a buffer. 

” Conant and Bartlett, ibid.. 54. 2S81 (1932). 
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“In general, in cases of acid catalysis, the specific catalytic effect 
of the acid is greater, the stronger the acid. For this reason the most 
effective catalyst for semicarbazone formation would be an acid only 
slightly weaker than the semicarbazide ion, NH^NHCONE^. Such 
an acid is acetic (about 1 pK unit weaker); a large concentration of this 
acid can be introduced into the solution, and, b} r an appropriate in¬ 
crease in sodium acetate concentration, the pH value can be kept 
sufficiently high so that only a small portion of the semicarbazide is 
combined with the acid. To some extent these optimum conditions 
are approached when potassium acetate and semicarbazide hydro¬ 
chloride are employed in the preparation of semicarbazones. It would 
probably be advantageous, however, to increase the concentration of 
the catalyst (acetic acid), at the same time keeping the pH high by the 
addition of acetate ion. 

“It is evident that, in comparing the equilibria and the rates of 
semicarbazone formation with a variety of carbonyl compounds, the 
experiment should be performed in such a manner that a definite amount 
of catalyst is present in each case and that practically all the semi¬ 
carbazide and condensation product should be present as the free base. 
A phosphate buffer of pH about 7 and a concentration of catalyst 
(H 2 P0 4 - ) of about 0.06 M meet these specifications. The results 
obtained under such conditions are summarized in Table X. 

TABLE X 

Comparison ok Equilibria and Rates of Semicarbazone formation of 

Ketones and Aldehydes 

(At 25 e =fc 0 OrC. in 0 07 M Na,IIP0 4 + 0 03 M NaII 2 P0 4 ) 



K X 10* 

Velocity Constants of 


Hydrolysis Constant 

Semicarbazone 


of Semicarbazone 

Formation 

*5 

Hydrolysis 

*1 X 10 5 

A ert aldehyde 

2 0 

361 

1040 

Benzaldehyde 

0 30 

2 05 

0 62 

Furfural 

0 70 

0 73 

0 55 

Triinet hylaeet aldehyde 1 S5 

20 

37 

Pyruvic acid 

0 51 

7 37 

3 8 

Acetone 

324 

6.02 

1800 

Cyclohexanone 

214 

36 

7600 

I'inarolone 

1260 

0 06S 

66 


"A consideration of Table X brings out a number of points of inter¬ 
est. In tlie first place, it is clear that there is no apparent relation 
between the speed of formation of the semicarbazone and its stability 
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as measured by the hydrolysis constant, K. Considering first the rela¬ 
tion between structure and rate of semicarbazone formation, acetalde¬ 
hyde is found at the top of the list, with its trimethyl substitution prod¬ 
uct about a tenth as reactive, but some ten times more reactive than 
benzaldehyde or furfural. The latter is the least reactive of all the alde¬ 
hydes and differs from acetaldehyde by nearly a thousandfold. Of the 
ketones, cyclohexanone is the most reactive (as would have been ex¬ 
pected from previous work), and acetone and pyruvic acid are essen¬ 
tially equal and about a sixth as rapid in semicarbazone formation as 
the cyclic ketone. The large drop in reactivity caused by substitution 
of three methyl groups (0.008 for pinacolone compared with 0.0 for 
acetone) is in accord with a large variety of qualitative and quantitative 
facts of organic chemistry. A comparison of benzaldehyde, furfural, 
acetone, and trimethylacetuldehyde gives very little support to the 
idea that the rate of carbonyl reaction is determined solely by so-called 
steric effects. It would seem that the facts are much too complicated 
to be explained solely by such a simple hypothesis. However, if atten¬ 
tion is confined to a particular limited class of compounds such as the 
aldehydes, the concept of steric hindrance affords a plausible explana¬ 
tion of relation between rates and structure. The comparison of acetone 
pinacolone, and acetaldehyde and its tnmethy! derivative illustrates 

‘'“" 'Turning now to the equilibrium constants, we find all the ketones 
(except pyruvic acid) falling into one class and the aldehjdos into 
another. Within the ketone class the variation ... the hydro ys.s con¬ 
stant is only threefold, the most highly substitute,1 ketone being: tlic 

carbonyl compounds, ns far u ^uctmv ami semicarbazone 

formation, the equilibrium constants being.detennmed_byMhc same sor 

of factors which determine the diss,H-,at.on constants of nods l or 
.actors "nu , torllKH | t | IP •| K .larity' or 'negativity 

convenience, these f-'"o>> > thnl 1110 re negative the 

o the attached groups. n«w« >, £ c;oYl „ K . ,ess hydrolyzed is 

atoms or groups - , , aldehydes and ketones corre- 

sp^nTlo Afferent hi s.n ng.h of ... and the other aliphatic 

P . i fm l tli-il pyruvic acid semicarbazone is even less Imlioh zed 

SthaV^-tahU-Ke is in accord with the gnait.w st.ngth of oxalic 
acid ( V K = 2.8) as compared with form.c and (pK - -5.,). 
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“Some of the conclusions summarized in Table X can be demon¬ 
strated by qualitative experiments which also serve to emphasize the 
difference between rates and equilibria in controlling organic reactions. 
The most striking of these experiments involves a comparison of cyclo¬ 
hexanone and furfural. The differences in rates of semicarbazone for¬ 
mation are in favor of the former by a factor of about fifty; the hydroly¬ 
sis of the aldehyde semicarbazone is only one three-hundredth of that 
of the ketone, however. As a result, if one mole of semicarbazide and 
one mole each of cyclohexanone and furfural are allowed to react, prac¬ 
tically the entire final product is furfural semicarbazone. Because of 
the differences in the rates of reaction, however, the initial product in 
such an experiment is almost wholly cylcohexanone semicarbazone. 
The effect of these differences in rate and equilibrium constants can be 
shown very simply by allowing semicarbazide to react with a mixture 
of cyclohexanone and furfural in alcoholic solution and isolating the 
semicarbazone after a few seconds and after a few hours. (Because of 
the solubility of cyclohexanone semicarbazone in water, it is necessary 
to precipitate the product by pouring a sample of the mixture into a 
saturated ammonium sulfate solution in which the cj'clohexanonc semi¬ 
carbazone is almost insoluble.) In such an experiment, starting with 
0.01 mole each of semicarbazide hydrochloride, furfural, and cyclo 
hoxnnone, and 0.05 mole of potassium acetate in 50 per cent alcohol, a 
sample precipitated after 20 seconds yielded cyclohexanone semicarbn- 
zone, while after 2.5 hours a similar precipitate was found to be pure 
furfural semicarbazone. 

“It is worth noting that, if one had attempted to draw conclusions 
about the relative reactivity of the two carbonyl compounds from one 
of the above experiments alone, the conclusions would have been dia¬ 
metrically opposite, depending on whether the product was isolated 
after a few seconds or after a few hours. This is an illustration of the 
difficulties of attempting to deduce generalizations in regard to the 
behavior of organic compounds from qualitative experiments when the 
nature of the reaction is not fully understood. There seems no escape 
from the conclusion that significant comparisons of quantitative meas¬ 
urements can be made only on the basis of a thorough knowledge of a 
reaction. This requires first a detailed study of the yields of all the 
products and later a physicochemical study of the factors which control 
the equilibrium and the rate. The amount of work involved in such 
studies and the complications already unearthed are welcome guarantees 
that there will be many problems to solve for a long time to come. We 
may rest confident, moreover, that the fascinating art of organic chemis¬ 
try will yield only slowly to the devastating inroads of an exact science.” 
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Rates of Reaction of Alkyl Chlorides and Metallic Iodides. Conant, 
Kirner, and Hussey 28 made a study of the relation of structure to the 
rate of reaction of some fifty halogen compounds with potassium iodide. 

RCI + KI — RI + KC1 


The rates of the reaction in acetone were measured at various tem¬ 
peratures from -10° to 60°. They showed that there was no appre- 
ciablc amount of a "side reaction" and that the relative rates of differ¬ 
ent alkyl halides were approximately independent of the temperature 
at which the comparison was made. This latter observation made it 
feasible to calculate the relative rates of reaction to a standard tempera¬ 
ture (50°) even though the experimental results were obtained at the 
various temperatures at which the reactions proceeded at a measurable 
rate. The reaction was not reversible. The relative rates werei inde¬ 
pendent of the concentration of the reactants, and independent of 
whether the metallic iodide was sodium lithium, or potassium 

The reaction rate constant was calculated upon the basis of the usual 

rs r. - 

S 2 ask - 

the extent of 50 per cent after 30 hours, whereas only 15 hours was 

be made upon the basis of***£^The normal alkyl halides are 

££^*22? toe a al U oth«but vT-ry- ZTZ 

rnacUve than the primary chlorides. Cyc.ohcxy. chloride is almost as 
unreactive in this maction^he aryUiah, les. ^ ^ bcnzyl chloridc 

reS 'te*hi" t *^ ,anCC d mnidtT^mcthoxy. ''niVro^eny'l^broniophc^tyl^and 

22 SSS.1S5.TSd a marked .abiding effect when attached 
to the carbon holding U '*'**l°™ c ,^ ions arc u , d froln th e original 

D jr "* <*'"»! rr- 

fngTcbelmvior of organic substances as wc deal with them in the labors- 
» Conant, Kirner. and Hur.cy, .w., 4S. S32 <MM> ■ «• «“• “ 925) - 
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TABLE XI 


Relative Reactivities of Chlorides with Potassium Iodide 


Compound 

Relative 

Reactivity 

Compound 

Relative 

Reactivity 

n-C 4 H®Cl 

1.00 

CeH 8 COCH 2 Cl 

105,000 

CaHsCl 

1.94 

CHaCOCH^l 

35,700 

n-CalbCl 

1.03 

NCCH 2 C1 

3,070 

n-C 6 H„Cl 

1.26 

QHsO^CH^l 

1,720 

n-C*H 13 Cl 

1.22 

CH 3 OCH 2 Cl 

918 

n-C 7 H,&Cl 

1.20 

c 6 h*coci 

700 

n-C 8 H 17 Cl 

1.32 

ch 3 co 2 ch 2 ci 

270 

n-CuH^CI 

1.00 

C*H s CO(CH 2 ) 3 C! 

230 

n-Ci6HuCl 

0 90 

HaNCOCHaCl 

99 

n-CjoHciCl 

0.88 

CH*=CHCH 2 C1 

79 

iso-C6lInCl 

0.65 

CaHaOjCCl 

26 

(CH 3 ) 2 CHC1 

0.015 

C*H*CH 2 C1 

195 

CjHiCHClCHa 

0.022 

(C*Hfc) 3 CCl 

38,000 

n-C 3 H 7 CIIClCH 3 

0 048 

(C^CbCkCHCl 

60,200 

n-C 4 H*CHClCH 3 

0 075 

o-NC^Cel^CHjCl 

1,800 

n-C«H, 3 CHClCH 3 

0 026 

m-N0 2 C«H 4 CH 2 Cl 

780 

(CH 3 ) 3 CC1 

0 018 

p-NOiC # H4CH 2 Cl 

1,370 

cyc/o-CjH i |C 1 

0.0001 

2,4-(N0 2 ) 2 C«H 3 CH 2 Cl 

50,800 

C*H 5 (CH 2 ) 2 C1 

0.91 

o-CICJUClUCI 

718 

C6H 6 (CH 2 ) 3 C1 

1.35 

;>-CIC*H 4 CH 2 Cl 

553 

C 6 H 6 (CH 2 )eCl 

1.07 

o-BrCftlbCHsCl 

77,300 



p-BrC e H 4 CH 2 Cl 

48,100 


tory, differences in reactivity of 25 or even 50 per cent arc of relatively 
little importance. Variations of threefold, a hundredfold and a million¬ 
fold are the cause of the vagaries which make our present structural 
formulas so often unreliable in predicting reactions. From this point of 
view the results of all the previous studies of primary halides and the 
data here presented may be said to be in general agreement. In a great 
variety of reactions a methyl halide is 5 to 20 times more reactive than 
the ethyl compound which in turn is only about twice as reactive as the 
other primary straight-chain compounds that do not differ materially 
from one another, at least as high in the series as C 3 oH 6 iC 1. The forking 
of the chain diminishes the reactivity of primary compounds, which 
diminution in the case of amyl is about 100 per cent (our results are in 
agreement with those of two other investigators on this point). 

“The discrepancies in regard to the comparison of primary and 
secondary halides are serious; they may be real differences, specific for 
each of the reagents employed, or they may be due to the fact that in 
certain instances some unsuspected reaction may be taking place with 
the secondary compounds which is absent from the primary series. 
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For example, any comparison of the action of alcoholates on primary and 
tertiary halides is meaningless because in the one case ethers are formed 
and in the second olefins. We have chosen the react.on w.th an inor¬ 
ganic iodide in absolute acetone because of the impossibility of many 
fide reactions which may complicate the results with o her reagents 
used in aqueous or alcoholic solution and because the reaction has been 
widely used for preparative purposes and is known to g.tc exce 
yields We are, therefore, inclined to believe that our results showing 
U,at secondary and tertiary halides are only 0.05 to 0.01 as reactive a., 
prilTcompounds represent a correct formulation of the behavior of 

a^ready U ^iiwi n evklefice e t a hat'»!efns t«) indicateThot titrate of hydrolysis 

£££■ - ",rr, sstjss: 

yet it can be recrystallized without appreciate ossfroi n.x turns of 

water and alcohol; a similar drastic treatment of nz 

ethyl chlorocarbonate would insure \cry tony one-hundredth 

isopropyl alcohols. The variations in nMU\ny xu 

are evident from the summary of the resul > u 

TABLE XI1 

_ . ,• „ chloride approximately 0.1 formal l»v 

Temperature 25.0*. Concentratmn of cliloru.c , i 

weight. 


Substituent 

No substituent 
o-Chloro 
m-Chloro 
p-Chloro 
©-Methyl 
m-Methyl 


Relative 
Values of 
Constanta 

0 01 
0.045 
0.42 
2 9 
21 


Substituent 

//-.Methyl 

p.//-I)iehloro 

//,//-Dimethyl 
p-Kthyl 

//-Bromo 

p-Plienyl 


Relative 
Values of 
Constants 
16.2 
O 15 
413 0 
20 9 
0 33 
12 8 


Substituent 

o-M ethoxy 
//- Met lioxy 
p-Plienoxy 
a-N'uphthyl 
Henasylphenyl- 
chlorouicthtin 


Relative 
Values of 
Constants 
93 0 
1200 (?) 
31 0 


0 0004 


» Norris. Banta. and Blake. Aid.. 60. 1H04. 1MJ9 (l'J-M. 
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The relation between the structure of the alcohol and its rate of 
reaction with p-nitrobenzoyl chloride has been studied by Norris, Ash¬ 
down, and Cortese. 30 They also observed the effect of substituents in 
the benzoyl chloride upon the rate of reaction with isopropyl alcohol. 
A summary of their data is given in Tables XIII and XIV. 

TABLE XIII 

Second-Order Velocity Constants for the Reactions between 
Alcohols and p-Nitrobenzoyl Chloride in Ether 

Temperature, 25°. Concentration of each reactant 1 mole in 1000 g. of ether 
taken as unity. 


Normal Primary 




Alcohols 

k 

Secondary Alcohols 

* 

Methanol 

0.184 

Propanol-2 

0.0100 

Ethanol 

0.085 

Butanol-2 

0.0074 

Propanol-1 

0.066 

Pentanol-2 

0.0069 

Butanol-1 

0.074 

Hexanol-2 

0.0065 

Pcntanol-1 

0.079 

Pentanol-3 

0.0036 

Hexanol-1 

0.085 

Hcptanol-4 

0.0027 

Heptanol-1 

0.069 

Tertiary Alcohols 


Primary Alcohols with 


Methyl-2-propanol-2 

0.0027 

a Branched Chain 


Methyl-2-butanol-2 

0.0025 

Mcthyl-2-propanol-l 

0.031 

Mcthyl-3-pentanol-3 

0.0014 

M ethy 1-2-butanol-1 

0.036 



Methyl-2-pentanol-l 

0.034 

Aromatic Alcohols 


Met hy 1-3-butanol-1 

0.073 

Benzyl 

0.0170 

Methyl-3-pcntanol-l 

0.077 

0-Phenylethyl 

0.0400 

Methyl-3-hexanoI-l 

0.075 

7-Phenylpropyl 

0.0200 

Methyl-4-pcntnnol-l 

0.068 

ar-Phenylethyl 

0.0005 



a-Phenylpropyl 

0.0005 



ar-Phenylbutyl 

0.0005 


The substitution of methyl, ethyl, phenyl, a-naphthyl, mcthoxy, and 
phenoxy groups, especially in the para-position, enhances the reactivity 
of the halogen in diphenylchloromcthanes. The substitution of hal¬ 
ogens especially in the ortho-position reduces the reactivity of the 
chlorine. However, in benzoyl chlorides the halogens and especially 
the nitro group enhance the reactivity of the chlorine, while a methyl 
group lowers the reactivity. 

The primary alcohols except methyl alcohol and those with a 
branched chain at the 2-carbon atom show a similar reactivity with 
p-nitrobenzoyl chloride. Methyl alcohol is more reactive than the 

so Norris, Ashdown, and Cortese. ibid., 47 . 837 (1925); 49 . 2640 (1927). 
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TABLE XIV 

First-Order Velocity Constants of the Reactions of Certain Acyl 
Chlorides with Isopropyl Alcohol 

Temperature, 25.0°. Concentration approximately 0.1 formal per 1000 g. 


Ratio of Constant to 


Acyl Chloride 

k 

that of Benzoyl Chloride 

Benzoyl 

0 00365 

1 

p-Chlorobenzoyl 

0 00559 

1.53 

• **o 

p-Bromobcnzoyl 

0.00650 

1 / 8 

1.26 

1.90 

p-Iodobenzoyl 

0.00528 

o-Nitrobcnzoyl 

0 006W 

p-Nitrobcnzoyl 

0 03600 

10 0 

A £4 

p-Mcthylbenzoyl 

0 00235 

U M 


average primary alcohol; alcohols with carbon -^ ucn.s spoc.an 
a phenyl group on .he 1- or 2-carbon, are very much less rcactrvo. The 
secondary and tertiary alcohols show a much lower rate of reaction 
than any of the primary alcohols except those hating an a-pl.cn> 1 

® r0Up * . xt •„ nosneiates 31 have extended their 

inves n tigaUo r ns Pa t P oTnclude the rates of reaction of various ^bstituu.d 

variables. Three of their 

It is shown thatthccffcctoC-i C H3O, C is oppositc 

STuTicS SZ£ substituents in the The 

temperature coefficients of ^ *“' l, °“ uro of thc substituent and its 

chloride M*. to .. ^ plplrial «. McElv.in 

Rates of Rea of rcac tion of fourteen alkyl 

and Semb ” have comp (hc conditions „f their measurements 

bromides with pipcnd • idc reactions with the primary and 

there was no alkyl bromides. The rates of 

- - - -— 

:ssa=£rsw-"' 
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in petroleum ether were determined from the amounts of piperidine 
hydrobromide which had precipitated from the reaction mixture after 
a given time interval, e.g. 

CzHJBr + 2C*H l0 NH -► C5H xo NC l H 5 4-CsH l oNH HBr 

Among the straight-chain primary alkyl bromides only ethyl showed 
a marked divergence from the average of the six bromides of this type 
investigated. Branching of the chain (isobutyl and isoamyl) greatly 
lowered the rate of reaction. The phenyl group when attached to the 
carbon atom holding the halogen (benzyl) enormously increased reac¬ 
tivity. The effectiveness of the phenyl group was also manifest in phen- 
ylpropyl and to a less extent in phenylethyl. The secondary bromides, 
especially cyclohexyl, were very much less reactive than the other com¬ 
pounds investigated. 

TABLE XV 


Rate of the Reaction between Piperidine and Various Alkyl Bromides at 90° 


Alkyl Group 

% Reaction in Hours 

4 

8 

12 

24 

48 

Ethyl. 

72 2 

80.4 

84.3 

93.7 

98.4 

n- Propyl. 

45 6 

59 5 

66.6 

79 3 

89.5 

Isopropyl. 

• • • • 

• • • • 


17.3 

28.1 

n-Butyl. 

46.1 

59 3 

66 5 

78.0 

SS.4 

Isobutyl. 

10.0 

16 0 



40.8 

sfc.-Butyl. 


• • • • 


KiB 

12.0 

n-Amyl. 

Wjfm 

63.6 

69 8 

80.7 

90.5 

Isonmyl. 


44 8 

52 8 

65.5 

77.4 

n-Hexyl. 


63 7 


80 7 

S8.9 

n-IIeptyl. 

53 2 

67.5 


82.2 

90.0 

Cyclohexyl.. 




1.1 

2.4 

Benzyl. 

UK).5 * 


inShpHl 



Phenylethyl._ 

59 6 

69 5 


90.6 

95.0 

Phcnylpropvl. 

74.0 

83.9 

86.4 


95.8 

* ftT O nr>r rrnf in t Kmir. 


Rates of Formation of Thiourethanes. Browne and Dyson 33 have 
carried out a very comprehensive series of experiments upon the rate of 
reaction of arylthiocarbimides with ethyl alcohol. They found that 
this reaction proceeded at a measurable rate with a wide variety of 

RN=C=S + CsHsOH -* RX=C(SH)OC s H 6 or RXHC(=S)OC 2 H 6 

” Browne nnd Dyson. J. Chcm. Soc.. 3285 (1931). 
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thiocarbimides. The reaction was irreversible and comparatively free 
of side reactions, and it proceeded in the liquid phase without the sepa¬ 
ration of a solid. The reaction was carried out by refluxing the thio- 
carbimide in a 100 to 150 molecular excess of ethanol. The rate of 
reaction was not sensitive to hydrogen-ion concentration. The reaction 
could be followed by an accurate analytical method which involved 
weighing the thiocarbamides formed by the reaction of benzidine with 
residual arylthiocarbimide. The values of the rate constant calculated 
for a monomolecular reaction are summarized in Table XVI. 

TABLE XVI 


Thiocarbiinide 

k X 10 4 

Phenyl 

0 52 

2-Tolyl 

0 14 

3-Tolyl 

0 39 

4-Tolyl 

0 30 

2,3-Dimethylphenyl 

0 11 

2,4-Dimcthylphcnyl 

0 09 

2,5-Dimethylphenyl 

0 09 

2,G-Dimcthylphenyl 

0 00 

3,5-Dimcthylphenyl 

0 22 

2,4,6-Trimethylphcnyl 

0 00 

3,4,6-Trimcthylphenyl 

0 00 

4-Ethylphenyl 

0 20 

4-I»opropylphcnyl 

0 00 

G-Mcthyl-3-iMopropylphenyl 

0 00 

2-Chlorophenyl 

1 24 

2-Bromophcnyl 

1 40 

2-Iodophcnyl 

0 00 

3-Chlorophenyl 

2 99 

3-Fluorophcnyl 

2 88 

3-Br«mophenyl 

3 09 

3-Io<lophenyl 

3.31 

4-Fluorophcnyl 

1 41 

4-Chlorophcnyl 

2 17 

4-Iodophenyl 

2.74 

2,4-Dichlorophenyl 

4 10 

2,6-Dichloroplicnyl 

4 02 

3,5-Dichlorophcnyl 

17 90 

3-Chloro-5-met hylpbcnyl 

3.04 

3-Chloro-G-incl hylpbcnyl 

0 92 


Thiocorbimide k X 10* 

3-Chloro-4-mct hy I phenyl 2 OS 

3-Chloro-2-met hylpbcnyl 0.G8 

3-Chloro-4.f»-dimethylphcnyl 0 41 

3- Chloro-2.4.6-trimcthylphcnyI 0.00 

4- Chloro-2-methylphenyl 0 44 

4-Chloro-3-methylphenyl 1 41 

2-Chloro-6-methylphenyl 0 95 

2-Cbloro-3-mcthylphenyl 0 95 

2-Chloro-4-met hylpbcnyl 0 78 

2-Chloro-6-mcthylphenyl 0 28 

2-Bromo-4-mcthylphcnyl 0 00 

2-Chlor*>-3.4,0-t rimethylphcnyI 0 00 

2- Methoxyphcnyl 0 10 

3- Methoxyphenyl 0 58 

4- Methoxyphcnyl 0 40 

2- Ethoxypbenyl 0 07 

3- Ethoxy phenyl 0 75 

4- Ethoxyphenyl 0 27 

2.5- Dimet boxy phony I 0 22 

2.G-Dimct hoxyphcnyl 0 00 

3.4- Dimcthoxyphcnyl 0 58 

3.5- Dimcthoxy|»hcnyl 0 8«» 

3- Chlon»-4-metlioxypheiiyl 2 14 

4- Chlon»-3-methoxyphenyl 2 91 

5- Chl«n>-2-mct hoxyphcnyl O 47 

5-Chh»n»-3-methoxyphcnyl 4 57 

4-Aretylphenyl 0 SI 

4-Biphenyl 0 90 

3- Cyanophcnyl 11 10 

4- Cyaiiophenyl 4 SI 


"The result* demonstrate that the nuclear substituents have a pro¬ 
found effect on the reactivity of the isothiocyano-group ... ary 1th.ocarb.- 
mides. Whereas halogen atoms and nitro-groups (and the methoxy- 
and the ethoxy-group in the m-position) accelerate the rate of react...., 
with ethyl alcohol, alkyl or «- and /,-alkoxyl groups retard the add,t,on. 
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Any explanation of these facts must also account for the following 
phenomena: 

“(1) The effect of more than one substituent is approximately the 
sum of the effects of the substituents acting alone, as e.g., in the chloro- 
tolyl-, the chloroalkoxy-, and the dichlorophenylthiocarbimides. 

“(2) The m-substituted compound is always more reactive than the 
corresponding o- or p-substituted compound. This result is independent 
of whether the compound reacts more readily than phenylthiocarbimide 
or otherwise. In this connection, the results obtained with the methoxy- 
and ethoxy-substituted phenylthiocarbimides are of interest, since they 
show that the superior reactivity of mcta-substituted derivatives is 
retained even when the reactivity of unsubstituted phenylthiocarbimide 
lies between that of the m- and the p-substituted compound. 

“(3) The reactivity varies with the nature of the substituent group, 
the nitro-group being most active in acceleration, and the isopropyl 
group most active in inhibition. 

“(4) The anomalous behavior of the orf/io-substitutcd compounds, 
which in some cases exhibit the usual phenomena of stcric hindrance 
and in others do not.’' 

Reliability of the Equilibrium and Rate Constants. It will be evi¬ 
dent from earlier sections of this chapter that different authors prefer 
to express their results in different ways. It will be well to consider the 
merits and limitations of these different modes of expression. The 
simplest way of expressing the relation of structure to concentration at 
equilibrium is by giving the per cent conversion at equilibrium of one 
of the reactants. Such figures arc directly related to the analytically 
determined concentrations, and the reader is in a position to determine 
whether or not a reported difference between two sets of reactants is of 
significant magnitude. For example, acetaldehyde under specified con¬ 
ditions is converted to an acetal with n-butanol to the extent of 96 per 
cent, anti 99 per cent with isoamvl alcohol. If these results are expressed 
as equilibrium constants the value for the former is 3 and for the latter 
13. Thus the difference (if any) between these alcohols is magnified. 
Relatively few people are able to distinguish significant differences in 
experimental results after these results have gone through a few mathe¬ 
matical transformations. 

However, there are a number of reasons why it is advisable to calcu¬ 
late equilibrium constants. Among others it is seldom possible to 
make all comparisons at the same concentration of reactants so that it 
is necessary to calculate the equilibrium constant in order to put the 
results in comparable form. Further, the comparison of the equilibrium 
constants for the same reactants at different concentrations is one of 
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the best means of ascertaining whether the reaction involved straly 
reversible. Two methods are used in the calculation of equihbnum 
constants. In the method commonly used the concentrations of reac¬ 
tants at equilibrium arc expressed in moles per liter. This method is 
satisfactory if the reaction is measured in a fairly dilute solution or if 
there is relatively little difference between the molecular volumes of the 
substances whose reactivities are being compared The second method 
in which the concentrations arc expressed in mole fractions should be 
used where a series of alcohols, for example, are being compared m the 
absence of an added solvent, as otherwise large differences in the xalue 
of K will appear where there are no real differences in chemical reac¬ 
tivity. For example, two acetals having similar per cent conversion at 
equilibrium had equilibrium constants differing from each other by o0 
per cent when the concentrations were expressed in moles pe liter. In 
fact, the alcohol with the higher conversion had the lower taluefor 

From the standpoint of theoretical chemistry, differences in structure 
as manifested by differences in the extent of reaction should be expressed 
by differences in the decrease of free energy (.AF) for the reactions. 
The value of AF may be calculated from the equilibrium constant or 

11 i - r r - £*"; 

However if AF is calculated from an equilibrium constant which is not 

one might be inclined to M' c U P a * u wnctinM The exoeri- 

a series of equilibrium measurements of orgamc regions, ^ 

w^:jg- = r.-s5i : z 

significance of empirical " ’ „„ attemp t to correlate free 

ences in free energy. Iftbs t shoul<| 1>p eonccr ned with differ- 

energy changes and molecular * unlpg8 , hc Kas phase is taken 

ences considerably greater than l . roa son to believe 

as the reference state or -"k-ss r. is a very ^ cunc( ., in tho 

that the disturbing intermolecular lorccs a 

measurements.” compounds react may be most simply 

The relative rates at which “"‘^ ioI1 of a pro duct against time, or 

stated by plotting the per ce» f intervals of time. If tho 

by stating the amount formed alter scicci u 
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reaction is (or appears to be) a mono- or bimolecular irreversible reaction, 
the rate constant may be readily calculated. A graphical method is 
more convenient if the reaction appears to be more complicated. For 
this purpose the data are plotted and tangents drawn at suitable points 
on the curve, and from the values of the tangents the rate constant may 
then be calculated. Rate constants offer a very convenient and concise 
way of expressing relative chemical reactivity. The probable signifi¬ 
cance of small differences in rate constants has been considered above in 
the review of the papers by Conant and Kirner. It must always be 
borne in mind that apparent differences between the rates of reactions 
of two compounds may be due to the presence of small amounts of an 
impurity. This possible presence of impurities having a catalytic or 
inhibitory effect is remindful of an historian's statement which is expres¬ 
sive of most human activity: “Perhaps no man can ever free himself 
entirely from prejudice; still it is interesting to try.” 

Unfortunately, rate “constants,” however calculated, are all too 
often not “constants” but show a “trend,” i.e., decrease or increase 
as the reaction proceeds. This may proceed from a variety of causes. 

I he reaction may be accelerated or retarded by a product of the reaction, 
or a catalyst may be activated or deactivated by such a product. A 
catalyst may deteriorate. The analytically determined concentrations 
may not be the effective concentrations, etc. Many investigators have 
considered only a limited range of the reaction in reporting rate con¬ 
stants, c.g., they have based their comparisons upon the rate of trans¬ 
formation of the first 10 or 20 per cent of the reactants or upon some 
other portion of the reaction rate curve. Authors are particularly 
likely to disregard the latter part of the curve since “side reactions” 
and the influence of the accumulated reaction products are particularly 
malignant as the reaction slows down. 

Severity of Conditions and Comparisons of Chemical Reactivity. 

1 he methods for the comparison of chemical reactivity illustrated above, 
which involve either the determination of the concentrations of the 
reactants at equilibrium or the comparison of rates of reaction, arc sus¬ 
ceptible of precise mathematical formulation and statement. There 
are, however, numerous useful comparisons which can hardly be stated 
except in a qualitative form. These latter methods are not satisfactory 
from the standpoint of theoretical chemistry, yet they are repeatedly 
used in teaching and in research. These methods depend upon a com¬ 
parison of the severity of the conditions necessary to induce a given 
type of react ion to occur. The results are stated in terms of the tempera¬ 
ture, concentration of reagent, pressure, “activity” of the reagent or 
catalyst, etc., required to bring about a given reaction. 
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For example, Norris and some of his associates have measured 
the temperature at which various substituted malonic acids 
(H0 2 CCHRC0 2 H), ethers of triphenylcarbinol (CeHs^COR, and esters 
of triphenylacetic acid (C 6 H 5 ) 3 CC0 2 R begin to decompose.” Norris 
states “If the ethers are arranged according to decreasing stability 
toward heat, the alkyl radicals fall in the order methyl, ethyl, n-buty , 
Isoamyl, /3-phenylethyl, n-propyl, isobutyl, benzyl, isopropyl, scc.-butyl 
This order, with one exception, is the same as that obtained a^ th e result 
of the study of the lability of the oxygen bond in alcohols (H—OR) as 
measured by the velocity of the reactions between the latter and 
p-nitrobenxoyl chloride. The two independent methods based on 
different types of reactions lead to the same conclusion as to the effect 
of radicals on the lability of bonds.” A sinular statement holds true 
for the effect of R upon the temperature of decomposition of the sub- 

stituted malonic acids. , 

Similarly, the relative stability of primary, secondary, and tertian 
alcohols towards dehydration may be stated in terms of the tempera¬ 
ture required to obtain a detectable amount of reaction. For example, 
under specified conditions the temperature required for the djMn- 
tion of ethyl alcohol is 50° to 60° higher than for .sopropy 1 a'co h oL 
Aryl chlorides resist hydrolysis under conditions of tcmperature ond 
reagent that woul.l bring about a rapid reaction with “Ik » J«hdc«. 
tert -Butyl chloride may be completely hydrolysed at 2o «1. obutj 
chloride is quite stable. Monoalky 1-acctoacc ic es«* •«* 'Wrolyml 
at 200° by water; dmlkyl-acctoacetic esters do not react at all under 

'b^he*concentration of reagent required for a given transfonnation is 
sometimes used os a means of comparison. I-or exampie, <the• « nec - 
tration of sulfuric acid required for the absorption of alkencs sa func 
tion of the structure of the latter. A progressively less concent'ra t«Isolu 
tion of sulfuric acid is require,I for the absorption of ",e sen^of^lkenes 

hiivinir the skeleton structures:” ( =( . C, t. —i , ^ 

C^cLc—C, c—C—C C—C=C—C. Dialkyl-aeetoaectic esters or 

1 3-diketones may lie cleaved by an amount of sodium etl,oxide which 
is’ but a small fraction of that necessary for the cleavage of monosub- 
Htitutcd esters or dike-tones.* 

KT v. r|,iiini»-'»ii. Turkt r. mill < m*c J. .1 < '•••"■ 

M For reference to Norrw. » «unit. ' """'i 

aSoc-.W. 423 (1034). ««,•.« 

.- «-.* H '" k - 

7,1 ,mo,. 



1064 


ORGANIC CHEMISTRY 


The type or activity of a reagent (or catalyst) necessary for accom¬ 
plishing a given reaction may be a useful means for the comparison of 
relative chemical reactivities. For example, Ziegler and Thielmann 
found that 40 per cent sodium amalgam did not react with tetraphenyl- 
ethane while sodium-potassium alloy cleaved the hydrocarbon (p. 610). 

Comparison of Chemical Reactivities on the Basis of Relative Rates 
of Competitive Reactions. All the above methods for the comparison 
of relative chemical reactivities rest on the assumption that only a single 
set of reaction products is formed. A more complicated situation is all 
too often encountered in which a comparison of chemical reactivity 
must be based on the relative amounts of different sets of products. 
Under this head come numerous comparisons of chemical reactivity. 
Several illustrations of these competitive reactions which have been 
studied for a series of compounds are given below. 

Pyridine and Alkyl Bromides. Noller and Dinsmore 38 studied the 
rates of reaction of several alkyl bromides with pyridine. The two 
main reactions are the formation of pyridine hydrobromide and alkene 
and the formation of alkylpyridinium bromides, e.g. 

* CJIfcXHBr + CHj—CHi 
CsHfcBr + CftH»X < 

^ C*HsN(Br)C 2 H 5 

The reactions were followed by titrating samples at suitable intervals 
for acidity (phenolphthalein) and for bromide (Volhard). The rates 
of each of the competing reactions were calculated from these data by 
a graphical method. The results are summarized in Table XVII. 

TABLE XVII 

Rates or Reactions of Alkyl Bromides and Pyridine (148.8°) 

Pyridine Hydrobromidc Alkylpyridinium Bromide 


Alkyl Bromide 

A-i 

Relative 

Rate 

*2 

Relative 

Rato 

Ethyl 

0 003 

1.5 

0 200 

2.1 

n-Propyl 

0 003 

1.5 

0.129 

1.4 

Isopropyl 

0 020 

10.0 

0.013 

0.14 

n-Butyl 

0 002 

1.0 

0.094 

1.0 

Isobutyl 

0 003 

1.5 

0.007 

0 07 

acc.-Butyl 

0 027 

13.5 

0.008 

0.09 

tert .-Butyl 

1.75 

875.0 


.... 


These data show the greater tendency of secondary and especially 
tertiary bromides to lose hydrogen bromide and the slowness of the 

” Noller and Dinsmore. ibid.. 54. 1025 (193*2). 
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addition of these latter halides to nitrogen. The reactivity of the four 
primary bromides appear to be of the same order of magnitude, the 
variation in relative reactivity between the extremes of "-butyl and 

ethyl bromide being as 1 to 2. , , 

Formation of Cyclopropane Derivatives. Three major products are 
formed when an a-bromoglutaric acid (I) is treated with concentrated 
alkali, e.g., the formation of a derivative of cyclopropane (II) (p. 86), 
an hydroxy acid (III), and an unsaturated acid (I\ )■ 

CHBrCOsH CHCO,H + CHOHCO.H + CHCO a H 

CHj—CH jCOjH *"* CH;—CHCOjII CII,CH-.CO,H CHCH.CO.H 


Ingold » compared the yields of these three types of P«ducU .a* 
obtained from glutaric and two substituted glutanc acids The yields 
of compounds II, III, and IV fro... these acids were as follows. 


a-Bromoglutaric 

a-Bromo-0-methylglutaric 

a-BronuW?,0-<liincthylglutaric 


II 

47% 

iA 

84 


III 

10 % 

8 

4 


IV 

3% 

9 

0 


He interpreted the larger yields of cyclopropane derivative from the 
I-bromo-0-.nethyl- and especially from the a-bromo-0, 0-dimethylghi- 
taric acTdfas an indication of the effect of methyl groups m increasing 

The proportion of alky, nitrites 
i (r. n • nrndiiced bv the reaction of a metallic nitrite and an 

ss?zsn i u* •*«< 

alkyl naiiac is a summary of the yield and proportion 

oMsomem p^uced by the reaction of various alky, iodides and bromides 

"^STsuirmajrsmn.nari^d as follows: A larger proportion of 
n. I.nd was produced from the bromides than from the iodides 
S r^iTJtSSy, bromide. Isoan.yl bromide gave more 
thin twice as large a percentage of the nitro compound as did the iso- 
, » i, Primarv halidc*s containing a branched chain did not 

give as high a proportion of nitro compound as did the straight-chain 
give g I I j t i ic alkyl halide is on a secondary carbon 

of the nitro compound is materially less 
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TABLE XVIII 

Yields of Nitroparaffix and Alkyl Nitrites 

Iodides Bromides 



Mixed 

Nitro 

Mixed 

Nitro 

Alkyl 

Isomers 

Compound in 

Isomers 

Compound in 

Radical 

Isolated, % 

Mixture, % 

Isolated, % 

Mixture, % 

Allyl 

.. 

.. 

74 

80 

n-Propyl 

86 

67 

86 

77 

aec.-Propyl 

72 

32 

78 

40 

w-Butyl 

85 

61 

88 

78 

Isobutyl 

75 

40 

77 

58 

sec.-Butyl 

70 

32 

68 

30 

terl.- Butyl 

9 . 

.. 

60 

48 

Isonmyl 

• • 

• • 

78 

67 

n-Heptyl 

.. 

.. 

94 

71 

sec.-Octyl 

• • 

• v 

82 

34 


than for (he corresponding primary or tertiary alkyl halide. It cannot 
bo said that there is, in general, either an increase or a decrease in pro¬ 
portion of nitro compounds with increasing molecular weight of the 
alkyl group. The results obtained with allyl bromide indicate that 
unsaturation has little or no effect on the ratio of isomers formed. The 
highest yields of the mixed isomers were isolated from the reaction of 
normal alkyl halides, the yield increasing with lengthening of the chain 
in the bromides. 

The order of increasing rate of reaction of the alkyl halides is allyl, 
fer/.-butyl, sec.-alkyls, isoalkyls, and n-alkyls. The iodides reacted more 
rapidly than the bromides. Butyl and isoamyl chlorides reacted more 
slowly than the corresponding bromides, and isoamyl chloride gave a 
much lower yield of the nitroparaffin than the bromide did, and even 
lower than the iodide of a similar alkyl radical. 

Competitive Reactions in the Pinacolone Rearrangement (p. 1017). 
Pinacols containing two different substituents R and R 7 may upon 
rearrangement give two different ketones, depending upon whether R 
or R 7 migrates, e.g., 

R 

R'—C—OH 
R 7 —C—OH 

I 

R 

1 he relation of the structure of R and R 7 to the ratio of ketones produced 


R R 

I I 

R—C—R R'—C—R' 

or | + H 2 0 

R 7 —C=0 R—C=0 
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has been the object of numerous investigations. The status of the 
problem in 1930 and 1933 is well summarized in the Annual Reports 
of the Chemical Society ( London ) for those years. 

Bachmann “ has extended our knowledge of the reaction m a very 
significant fashion which will be considered in detail. First may be 
considered the rearrangement of symmetrical pinaeols of the type indi¬ 
cated in the formula above. The proportion to which various groups 
migrated in 24 pinaeols of thus type is given in Table XIX. 


TABLE XIX 

Migration of Groups in Symmetrical Pisacols 

(Results are mostly from Bachnuum but iuelu.le data from ... Bailor. 

Beale, and Halt.) 


R 

p-Tolyl 

p-Tolyl 

p-Tolyl 

p-Tolyl 

p-Tolyl 

p-Tolyl 

m-Tolyl 

r/i-Tolyl 

o-Tolyl 

p-Kt-phcnyl 

p-t«©-Pr-phcnyl 

Anisyl 

Anisyl 

rn-MeO-phenyl 

o-McO-phenyl 

Phcnetyl 

p-CI-phenyl 

w-CI-phenyl 

m-C I-phenyl 

o-CI-phenyl 

p-Br-phenyl 

p-Br-phcnyl 

m-Br-phcnyl 

p-Br-phenyl 


% 

04 
58 
3 3 
00 

3 
75 
66 
13 
0 

83 
OO 
08 i\ 
90 * 
13 5 
23 
90 
40 
0 
0 
O 
42 

4 ! 
0 
0 


It' 

% 

Phenyl 

0 

p-Biphcnyl 

42 

Anisyl 

96 7 

wi-MeO-phcnyl 

10 

Phcnetyl 

07 

p-lOt-phenyl 

25 

Phenyl 

34 

p- Biphenyl 

87 

Phenyl 

100 

Phenyl 

17 

Phenyl 

10 

Phenyl 

1 4 

p-Biphcnyl 

3 2 

p-Biphcnyl 

80 5 

Phenyl 

77 

Phenyl 

1 

Phenyl 

00 

Phenyl 

100 

p-Biphcnyl 

100 

Phenyl 

100 

Phenyl 

58 

p-Biphcnyl 

95 5 

Phenyl 

ion 

Phenyl 

100 

ntitudes” of the various 


(as referred to phenyl equals l), caieuiaieu uy .y 

figures in Table XIX. For example, the ,,-tolyl radical migrated to t u 
extent of 94 per cent ami the phenyl to the extent of 0 per cent. I Ik 
migration aptitude of p-tolyl is 94/0 of that of the phenyl or l.>.<. 

.. For leading references, see Bachmann. and SUanUrgcr. Md.. 86. 170 
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TABLE XX 

Migration Aptitudes in Symmetrical Pinacols 


(Bachmtum) 


Anisyl 

400 

Phenyl 

1.0 

Phenetyl 

400 

p-Iodophenyl 

1.0 

p-Tolyl 

15.7 

p-Bromophenyl 

0.7 

p-Biphenyl 

11.5 

p-Chlorophenyl 

0.7 

p-Isopropylphcnyl 

9 

o-Methoxyphenyl 

0.3 

p-Ethylphenyl 

5 

m-Bromophenyl 

0 

m-Tolyl 

1.9 

m-Chlorophenyl 

0 

m-Methoxyphenyl 

1.6, 1.8 

o-Bromophenyl 

0 



o-Chlorophenyl 

0 


Table XXI shows the extent to which R and R' migrated in seven 
pinacols not previously studied as compared with the migrations as 
predicted from the figures in Table XIX. It is obvious that there is an 
extraordinarily close agreement between the ratio of products predicted 
and found. In other words, the “migration aptitudes” appear to be 
independent of the particular symmetrical aromatic pinacol involved. 

TABLE XXI 

Comparison of Predicted and Actual Migrations 


(Bachmann) 


Groups 

Predicted 

Found 

Groups 

Predicted 

Found 

% 

% 


% 

% 

p-Tolyl 

57 

58 

Phenetyl 

99.8 

99 

p-Biphenyl 

43 

42 

Phenyl 

0.2 

1 

m-Tolyl 

14 

13 

p-Bromophenyl 

6 

4.5 

p-Biphenyl 

8G 

87 

p-Biphenyl 

94 

95.5 

Anliyl 

97.5 

96 8 

p-Ethylphenyl 

24 

25 

p-Biphcnyl 

2.5 

3.2 

p-Tolyl 

76 

75 




p-Biphenyl 

100 

100 




m-Chlorophenyl 

0 

0 


Quite a different result was obtained when the migration aptitudes 
of unsymmetrical pinacols R 2 C(OH)C(OH)R / 2 were studied, for here 
the relative rate of migration of R' and R is complicated by the effect 
of these radicals in determining whether the oxygen eliminated to form 
water comes from the carbon atom carrying R' or R. Table XXII 
gives the relative amounts of migration of various radicals in such 
unsymmetrical pinacols, and Table XXIII the migration aptitudes 
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calculated from the data in Table XXII. It will be noted that the 
migration aptitudes are not independent of the structure of the pinacol 
used as a basis of comparison. 


TABLE XXII 


Migration of Groups in Unsymmetrical 

(Bachmann) 


R 

% 

Anisyl 

28 

Phene! yl 

33 

p-Tolyl 

49 

m-Tolyl 

50 

p-CI-phenyl 

43 

p-Biphenyl 

54 

p-Biphenyl 

58 

Anisyl 

45 

Phenyl 

78 

m-Tolyl 

54 

p-Tolyl 

14 

Anisyl 

2 

Phcnctyl 

4 


Pinacols lR 2 C(OH)C(OH)It' 2 ] 


R' 

% 

Phenyl 

72 

Phenyl 

07 

Phenyl 

51 

Phenyl 

50 

Phenyl 

57 

Phenyl 

40 

m-Tolyl 

42 

p-Tolyl 

55 

Biphcnylcne 

22 

Biphenvlene 

40 

Biphcnylcne 

20 

Biphcnylcne 

98 

Biphenylcnc 

90 


TABLE XXIII 

Migration Aptitudes in Unsyumeth.cal P.nacoui 
(Bachmanu) 

(a) <*> 

0 39 0 000 

0 49 0 012 

0 75 
0.90 


Group 

Anisyl 

Phcnctyl 

p-Cl-phcnyl 

p-Tolyl 

Biphenylcnc 

m-Tolyl 

Phenyl 

»-BiphcnyI 


l ou 
1 00 
I 18 


0 040 
O 31 
0 33 
1 00 


(rum phenyl nn.1 U>lyl |*m~b; U.oce in <M -ro Iron, pinacol, con.ain- 


The figure in column <*») arc r—”>'- - 

ln S biphcnylcne. e g MgC»OlIK*«OU)^ I 

Competition in the Reaction have^nnd^^idficmlt 

53TSk ■" r ‘ various paire of 

hols or amines reacted with phenyl .soeyanate. 

C«HiNCO + ROH — CeHiNHCOtR 
C,H»NCO + RNHi —* C.IUNHCONHR 
- Davis, Famum. and Kb~*. *«.. 66. 8*3. SS5 <HM>. 
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They allowed one equivalent of phenyl isocyanate to react with a mix¬ 
ture of one equivalent of each of two alcohols (or amines) and then 
determined the relative amounts of the two possible products. 

They conclude that “the relative velocities of the primary alcohols 
ethyl, n-propyl, n-butyl, isobutyl, and n-amyl have been found to lie 
between 0.7 and 1.0, those of sec.-propyl and sec.-butyl alcohols to be 
about 0.33, and those of tert .-butyl and tert .-amyl to be less than 0.01 of 
the relative reaction velocity of methyl alcohol. The relative reaction 
velocity of aniline is about 0.5, and those of ethyl-, n-propyl-, n-butyl-, 
and n-amylamine between 8 and 10 times that of ammonia. The effect 
of the ethyl, n-propyl, n-butyl, and n-amyl groups upon the reactivity 
of the primary alcohols toward phenyl isocyanate is proportional to 
their effect upon the reactivity of the primary amines toward the same 
reagent.” 

Competition in the Cleavage of 1,3-Diketones. An unsymmetrical 
1,3-diketone may cleave to give either of two sets of products, e.g., 

* RCO*H + CHaCOR' 

HjO + RCOCII 2 COR' < 

N R'COaH + CH 3 COR 

Bradley and Robinson 43 studied the hydrolysis in a 1 per cent sodium 
hydroxide solution of a number of diketones in which R and R' were aryl 
groups. A summary of their data is given in Table XXIV. They con¬ 
clude that “With two exceptions the stronger of the acids which might 
be formed was found to be produced to the greater extent.” 


TABLE XXIV 

Cleavage of 1,3-Di ketones RCOCHjCOR' 
(Bradley and Robinson) 


R 

IV 

RCO*H 

Phenyl 

o-Methoxyphenyl 

18 

Phenyl 

m-M ethoxy phenyl 

38 

Phenyl 

p-Methoxvphenyl 

50 

Phenyl 

/>-Isopro|K>xyphenyl 

67 

Phenyl 

m-Chlorophenyl 

34 

Phenyl 

p-Chlorophcnyl 

36 

Phenyl 

m-Nitrophenyl 

18 

Phenyl 

p-Nitrophenyl 

19 

Phenyl 

2.4-Dimethoxvphenyl 

25 

Phenyl 

3.4-Dimethoxyphenyl 

49 

Phenyl 

3.4.5-T rimet hoxvphenyl 

31 

p-Methoxyphenyl 

m-Methoxvphenyl 

21 

3,4-Dimethoxyphenyl 

m-Mcthoxyphenyl 

60 

3,4-Dimcthoxyphenyl 

p-Methoxyphenvl 

66 


« Bradley and Robinson. J. ('hem. Soc.. 129. 235G 11926). 
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The alcoholysis and hydrolysis, under various conditions, of a num¬ 
ber of aliphatic diketones have also been studied." A summary of the 
data is given in Table XXV. With these compounds it does not appear 
that the stronger of the two possible acids (or its ester) is produced in 
the greater proportion. The experimental conditions during cleavage 
modified the ratio of cleavage products. The cleavage occurs on the 
unenolized side of the diketone so that the direction of enolization is an 
important consideration in determining the point of cleavage of the 

^Bartlett has written significant papers in describing his studies of 
competitive rates in the enolization of ketones." 


TABLE XXV 

Cleavage or Ussymmeth.cal Diketones CHjCOCH-COIt 

CH 3 CO-H 


R 

T1-C3H7 
».-C 3 H 7 
71-O3II7 
n-C«H, 
n-C.Ib 
71-C4II9 
MO-C 4 II 9 

t«0-C«H9 

MO-C4H9 
iso- C4II9 
sw.-Ctllj 
3 CC.-C 4 H 9 


CHiCCHH 
(or Ester) 
% 

43* 
49 t 
52 X 

54 l 
f»l • 

55 t 
Mi J 
58 § 
05 * 
07 t 
81 * 
02 t 


R 

/rr/.-C 4 H» 

ferf.-C^U 
/1T/.-C4I I9 
Fury I 
Furyl 

Cyrlolicxyl 

Cyelohcxyl 

Phenyl 

Phenyl 

Phenyl 


(or Ester) 

r< 

90 * 

75 § «*r X 

91 * 

58 t 

1(H) • 

100 t 
53 J 
58' 

100: 

80 § 

100 • 


it •■O' 


_ rieavaee of Unsymmetrical Diarylmercury 

Competition in the C n 1 ' a .^ g * ® ciatos i have made an extensive 
Compounds. Ivharascl. and hi. t> ^ ^ (ho rcoction of 

“sr 1 •-!*-—r —.. 

(p. 519). The type reaction is: + R . I|gC1 

RH * tt ' + HCI < U H + llHgCI 

44 Bartlett und Stauffer. J. ( u ' ‘®J'q ru fflin. Marker. Homier. Slier. Hoin- 

44 For leading reference* to work of Klinr . Sue.. 64. 674 (lOItt). 

th. ond Mayo, nee J • Chrm. Education. 11. *- 


lliulll 
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If it be assumed that the more electronegative radical unites with the 
hydrogen, then the relative amounts of RH and RTI formed (or of 
R'HgCl and RHgCl) are a measure of the relative electronegativity 
of R and R'. Upon this basis Kharasch has concluded that, in order 
of decreasing “electronegativity,” certain radicals may be listed as 
follows: p-methoxyphenyl, o-methoxyphenyl, a-naphthyl, o- tolyl, 
p-tolyl, m-tolyl, phenyl, p-chlorophenyl, o-chlorophenyl, m-chlorophenyl, 
2,4-dichlorophenyl, 2,5-dichlorophenyl, methyl, ethyl, n-propyl, ?t-butyl, 
n-heptyl, benzyl, /3-phenylethyl, p-chlorobenzyl, o-chlorobenzyl, and 
m-chlorobenzyl. 

Kharasch calls attention “to what to me is an extremely important 
and striking generalization, namely, that the electronegativity of any 
radical which can be made by the direct introduction of a substituent 
into an organic radical is lower than that of the parent substance. 
Thus the ehlorophenyl radical is much weaker in electronegativity than 
the phenyl and the dichlorophenyl radical is still lower in electronega¬ 
tivity. The para-, ortho-, and meta-chlorobenzene radicals are lower in 
electronegativity than the benzene radical. The conclusion one would 
draw from these data is that whereas by superficial examination of sub¬ 
stituted molecules one viewpoint predicts that the molecule should be 
more electronegative than the parent substance while the other that it 
should be less electronegative, the latter view would probably be true 
in most cases.” 

There is a superficial resemblance between the method for comparing 
radicals noted just above and, for example, Conant’s method of deter¬ 
mining the relative strength of two weak acids by allowing a molecular 
equivalent of each to compete for one molecular equivalent of sodium. 
However, there is a fundamental difference between the two methods 
in that the latter involves a reversible reaction while Kharasch’s depends 
upon nun-reversible reactions. 

Interpretation of Data on Relative Chemical Reactivity. An im¬ 
portant limitation upon the interpretation of data bearing upon relative 
chemical reactivity is that frequently the experimenter does not know 
exactly what he is measuring. In all studies of the variation in the con¬ 
centration at equilibrium with variation in the structure of the reactants 
there is a strong probability that the concentrations as measured will 
not be the tme concentrations or activities. This is true because of the 
prevalence of molecular association among organic compounds, es¬ 
pecially those containing oxygen and nitrogen, which are of the most 
interest. Furthermore, there are few, if any, simple equilibria among 
organic reactions. For example, the reaction of an aldehyde with an 
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alcohol to form an acetal certainly involves at least three equilibria 
besides those concerned with the catalyst. 


RCHO + R'OH 
RCH(OH)(OR') + R'OH 
RCHO + HjO 


RCH(OH)(OR') 
RCH(OR')* + H 2 0 
RCH(OH)* 


It is possible, of course, to measure the effective concent rat.ons by a 
determination of the vapor pressures of the components of the equi¬ 
librium mixture. This has been done for a few reactants but it s not 
practical to do so for an extended list. It may be tha the^complex, 
of the acetal reaction is unique, but .t .s equally probable that .ts co.n- 
plexity is only more apparent than that of some other react.ons 
A similar situation arises with respect to rate 8,uf ° r ' n 
the reaction measured is the slowest one .nvo ve.l and .f sc-.era steps 
are concerned it is by no means certa.n that the slowest reaction juth. 
let us say, benzyl chloride, Ls the same step ... the chain as the slowest 

r 68 ^reply may"be Ws*na to «^fs”"in 

association and catal>"c eff.c« fiMt of ul |, something 

reactions. The organic c'.cm'* « , ^ “ lialul „s, for example, 

about the relative rates o ^^^ lnay Secondly, he would 

from whatever sources th.se d.ff M1 „i < . cu |,. s which result in differ- 

like to know what «« tbodiltaa i Kcinmutll> and Mayo i„ reference 

enccs in rates of reaction, hbi • • ^ not for Ul0 calculation 

to disregarding all experiment. -While it is eminently safe 

of free energy changes very » > make any mistakes, it is 

and respectable in that " nev I |t8 ono do anything." 

also eminently sterile m !,f absolute acidity as distinct 

And .t has been said that .-lionlar acid in two different sol- 

from the relative ac iw " ” J , f geductivc but meaningless 

vents, must be relegated to tin "moo 

. .. view expressed above amply justifies expeli- 

Altl.ougl. the po , icill reactivities of a series of compounds 

mental comparison of " ' 1 should not attempt to draw 

by any of the various 1.^. > ^ a8SUmption of ideality. Cer- 
conclusions from such djta 
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fcainly one should not mix indiscriminately conclusions drawn upon the 
basis of equilibrium in a reversible reaction with conclusions resting 
upon measurements of rates of reaction or upon the severity of conditions 
required to accomplish a given type of transformation. These various 
phenomena are, of course, related, and Norris, for example, has shown 
a parallelism between the order of chemical reactivity of a series of 
substituents as measured by rates and severity of conditions required 
for a reaction to occur. 

The facts given above with respect to rates and equilibria in the 
formation of semicarbazones and acetals and in the migration of double 
bonds show that there is no correlation between the rate of a reaction 
and the decrease in free energy or extent of the reaction. This, of 
course, is not saying that there is no connection between the rate of a re¬ 
action and thermodynamics (Chapter 23). It is merely stating that the 
driving force or decrease in free energy is only one of the factors deter¬ 
mining reactions, and that in many reactions it is not a very important 
one in determining rates of reaction. Space factors, the a term in van 
der Waals’ equation, and orienting or activating characteristics, etc., may 
play the determining role. The statement made above does mean that 
it is certainly unsafe to attempt to draw definite conclusions as to elec¬ 
tronic structure (Chapter 25) on the basis of results obtained from 
studies of rates of reaction. In fact as Lapworth and Manske have pointed 
out, “It should be realized from the outset that the primary interior 
effect of a given substituent on an atom varies even in sign with the 
nature of the atom at which substitution takes place.” 

The interpretation of data on relative chemical reactivity based 
upon competitive reactions is particularly hazardous. This is true 
because rates of reaction and particularly relative rates of competitive 
reactions are so sensitive to the experimental conditions of temperature, 
solvent, catalyst, etc., and to apparently minor differences in the physical 
and chemical characteristics of the particular species of molecule under¬ 
going reaction. Particularly striking evidence upon this point has come 
to light in connection with the addition of hydrogen bromide to an 

* RCHBrCHj 

alkene, i.o., RCH=CH 2 + HBr <; . A great many expen- 

^ RCH*CH 2 Br 

ments over a long period of time indicated that the bromine would 
always add to the secondary carbon as indicated in the first reaction. 
However, Kharasch and Mayo have shown that, with butene-1, either 
sec.-butyl or ?i-butyl bromide may be obtained depending upon whether 
the reaction mixture contains diphenylamine or benzoyl peroxide. 
Whether or not a reversal of the direction of addition is obtained de- 
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pends upon the solvent, the reagents, and the structure of the alkene 
involved.' 6 Among other illustrations to the same end may be cited he 
following: The ratio of cleavage products of the unsymmetncal 1,3-dike- 
tones is distinctly modified by changes in the conditions of reaction 
(Table XXV). De Ceuster has shown the same statement o be true 
with respect to the cleavage of asymmetrical simple ketones by sodium 

amide, sodium hydroxide, etc. 4, _ 

The ratio of alkyl nitrite and nitroparaffin pr^ttccd by the rwction 
of an alkyl halide and silver nitrite bears little relationship to the^electro¬ 
chemical character of the particular alkyl group and halogen nvolved 

by Bachman., on the relative migratory aptitudes of rad.caU based upon 

thC, ^^ack C ^ e a t consistenr'rela”!ons^p , be , “^ 0 ‘j' 1 ‘‘ 

formed in competitive ’’electrochemistry, 

ucts from the standpoint of g> it is W ell established 

and thermodynamics is ',<£ chaining six or more carbon 

that the rings in cyclic " ^ when once formed. Yet 

atoms arc of approximately Jl - > ketones obtained 

there is a great variationthe r upon the nuinb er of car- 
by heating a salt of a diba" * , J ,.d ^ ^ j ^ Ruzickn « has 
bon atoms ,n the clia.nof the a^l - s |>crhap3 a fullPtio n not 

pointed out that the yi < , . , j ,. onS | a nt for six or more car- 

only of the stability of be ring «^ cm . < f ^ ^ |ll0 

bon atoms) but also of the distance W t ween 

open-chain compound * to suggest that the study 

However, the P^»'““ Native strength of bonds, 

of competitive reactions » 1 „ 1!lt such a comparison cannot 

relative electronegat.vitj, • , , Kharasch believes that the 

;— “»■ *™- -—* 

t% , vt , Alll CAern.^W.. 67. 2463 (1935);.Sherrill. 
4 * For references *co Kharaarli*»«*[• **• “ ■ ; W hitn»oro unJ Homeyer. ibiil.. 65, 4556 
Mayer, and Walter, ibid., 66. !K!0. * •* ' Aditon and Smith, J. Chun. Sue.. 

(1033); Lina trad and Hydom Nature .^ ^ (IM9) . 

1308 (1034); Ann. RtpU. <- h, " , ‘ ’C' .. |8H (1932) |C\ A.. 26. 4323 (1932)1. 

47 Do Counter. S'atuurw. 1 W'"' r - ' g 5 ,.j (iQjQ). 

« Huzicku and co-worker*. /Mr- ■ * p , f , mIM . derivative* obtained by lngo d. 

• It may be that the relative ^ ||U . usurc of (he relative lability of the eyelo- 

notod earlier in thin chapter. ** r4 ‘ rt j‘ ^ is one of dubious value, 

propane rings formed. Never the c* 
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derivatives (R—Hg—R') wdth hydrogen chloride is independent of the 
experimental conditions and so serves to compare the relative “electro¬ 
negative” character of R and R'. If this be true, and the use of the 
tables of relative reactivities so obtained serves to rationalize a variety 
of experimental findings, then the method will have been of great service, 
for, as Kharasch remarks, “The true value of a theory or hypothesis 
must be determined by its utility and is in no way related to the debating 
prowess of its proponents.” 

There is no intention on the author’s part of minimizing the impor¬ 
tance of studying the relative rates of competitive reactions. Quite the 
contrary view is held, for apparently in no inconsiderable degree the 
progress of organic chemistry lies through such studies. In fact, one 
of the most important groups of problems in organic chemistry is con¬ 
cerned with the control of the ratio of competitive reactions. It is a 
matter of hope and of satisfaction to know that in a great many reactions 
the ratio of reaction products is not determined by the laws of thermo¬ 
dynamics, but that it may be modified more or less in accord with the 
desire of the chemist. The chemist in this field of experimentation is 
not like the engineer of a locomotive who must drive where the rails 
lead; rather is he like a man at the wheel of a car who has many roads 
open to him to be followed at his pleasure. 

It was stated above that this chapter was not concerned with the 
development of “models which have properties analogous to those of 
the phenomena" of relative chemical reactivity. This lack of concern 
for hypotheses as to the mechanism of reactions, such as those of Ingold, 
for example, 49 should not be construed as any reflection upon the values 
of such hypotheses. It may be well therefore to end this chapter with 
another pertinent quotation from Langmuir. 1 

“Skepticism in regard to an absolute meaning of words, concepts, 
models or mathematical theories should not prevent us from using all 
these abstractions in describing natural phenomena. The progress of 
physical chemistry was probably set back many years by the failure 
of the chemists to take full advantage of the atomic theory in describing 
the phenomena that they observed. The rejection of the atomic theory 
for this purpose was, I believe, based primarily upon a mistaken attempt 
to describe nature in some absolute manner. That is, it was thought 
that such concepts as energy, entropy, temperature, chemical potential, 
etc., represented something far more nearly absolute in character than 
the concept of atoms and molecules, so that nature should preferably be 
described in terms of the former rather than the latter. We must now 
recognize , however, that all of these concepts are human inventions and 
49 Ingold. Chem. Rev.. 15 . 225 (1934). 
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have no absolute independent existence in nature. Our choice, therefore, 
cannot lie between fact and hypothesis, but only between two concepts (or 
between two models ) which enable us to give a belter or worse description of 
natural phenomena * By better or worse we mean approximately sim¬ 
pler or more complicated, more or less convenient, more or less general. 
If we compare Ostwald’s attempts to teach chemistry without the use 
of the atomic theory with a good modem course based upon the atomic 
theory, we get an understanding of what should be meant by better 

or worse.” 
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preparation, 1537-1538 
AJdopentoses, discovery, 1535 
Aldoximes, rearrangements, 1026 
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unsat united esters, 082-083 
mcsomcrie effect*, 1913 
Aliphatic halides, redistribution, 1810 
Aliphatic hydrocarbons, tee uwlcr in¬ 
dividual members 
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castor-l>enn, 1180-1187 
cinchona. 1202-1208 
coca, 1198-1202 
ergot. 1243-1218 
Esdre bean, 1230-1234 
harmala, 1228-1230 
hemlock, 1178-1180 
hydrastix, 1211-1210 

hygrinc, 1188-1190 
jaborandi, 1248-1250 
mescal, 1209-1211 
morphine, 1221-1227 
opium, 1210-1227 
popper, 1180-1181 
pomegranate, 1181-1184 
reagents, 1108-1109 
steroid, 1407-1408 
structure determination, 1170-1175 
strychnox, 1230-1243 
tobacco, 1190-1193 
yohimbe, 1234-1230 
Alkanes, alkylation, 19-20, 23 
dealkylation, 20 
dchydrocydizat ion, 28-30 
direct fluorinntion, 940 
hnlogcnation, 32, 34-30 
isomerization, 2-3 
nitration, 48-51 
oxidation, 55 

AI ka polyenes, isomerization, 8 
Alkcnes, see also Olefins 
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Alkenes, addition of halogens, 38, 43 
addition of hydrogen halides, 39-43 
addition of nitric acid, 51 
addition of nitrogen oxides, 52 
catalytic reduction, 797-802 
dehydrocyclization, 28, 30 
halogenation, 40, 43 
hydration, 61 

hydrogenation, table of, 800 
isomerization, 4-5 
nitration, 51-53, 175-178 
oxidation, 59 
polymerization, 12 
substitution reactions, 36-37 
sulfonation, 177-178 
Alkenyncs, substitution reactions, 45 
Alkyd resins, 714 

N-Alkylanilines, rearrangement, 995 
N-Alkylunilinium salts, rearrangement, 
995 

Alkylation, mechanism, 21-24 
of alkanes, catalytic, 19-20 
thermal, 23 

of amines, 1233 footnote 
Alkyl bromides, and pyridine, com¬ 
petitive reactions, 1064-1065 
rates of reaction with piperidine, 
1057-1058 

Icr/.-Alkylcarbinols, rearrangements, 
1023 

Alkyl chlorides, rates of reaction with 
metallic iodides, 1053-1055 
Alkyl halides, and silver nitrite, com¬ 
petitive reactions, 1065-1066 
direct fluorination, 946 
optically active, rearrangement, 988 
Alkyl phenyl ethers, rearrangements, 
997, 1023 

Alkylpyrroles, rearrangement, 976 
Alkyl radicals, 613-615 
efTect on stability of compounds, 1063 
('-Alkylst ilbcst rols, 14S5 
Alkyl sulfuric acids, 640 
17-Alky I test ost crones, 1497 
Alkylxant hyls, 00S-609 
A Iky nes, see Acetylenes 
addition of hydrogen fluoride, 947 
addition of hydrogen halides, 47 
catalytic reduction, S02-S03 


Alkynes, halogenation, 46 
isomerization, 8-9 
nitration, 53 
oxidation, 62 

polymerization, 18 
substitution reactions, 46 
All ones, 662-663 

mechanism of addition to, 1911-1914 
optical isomerism, 337-340 
rearrangement, 663 
A//ocholanic acid, 1412 
formation, 1350 
Allocholesterol, 1393-1394 
A//oisolithobilianic acid, thermal decom¬ 
position, 1369-1370 
A//olithobilianic acid, 1420 
thermal decomposition, 1369-1370 
Allomerization of chlorophyll, 1304-1305 
A//opregnane, 1489 
A//oprcgnane derivatives, 1490 
A//opregnancdiols, 1491 
A //opregnanediones, 1493, 1494 
.l//opregnnnctriols, 1493, 1494 
A/fopregnanolones, 1491, 1493 
.4//oprognenediol, 1517 
A//oprcgnenediones, 1493, 1494 
Allo|»scudocodeine, 1222, 1223 
Ally lie rearrangement, 1004, 1006, 1018 
in 1,4-nddition, 1915 
mechanism, 1S80 
l-Allyl-2-naphthol, 149 
AlIyl-3-naphthyl ether, 149 
o-Allylphenol, 189 

Allyl phenyl ether*, mechanism of rear¬ 
rangement, 1882 
Allyl test ost crone, 1522 
Aluminum alkoxide, use in reduction, 
676 

Aluminum chloride, structure, 1S76 
Aluminum compounds, sec Organonlum- 
inum com pounds 

Aluminum isopropoxide, use in reduc¬ 
tion, 677 
Amcripol, 760 

Amides, hydrogenolysis to amines, 831- 
S33 

optically active, rearrangement, 983 
Amine oxides, optical isomerism, 417* 
419 
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Amines, alkylation, 1233 footnote 

aromatic, aldehyde condensation, 201 
C-alkylation, 201 
coupling, 191, 192 
preparation from sulfonic acids, 891 
reactions of, 185-202 
competition with phenyl isocyanate, 
1069-1070 

coupling of tertiary, 195 
diazotization in hydrofluoric acid, 950 
formation by hydrogel lolysis of 

amides, 831-833 
Hinsberg test. 898-899. 900-901 
methylation, 1189 footnote 
reaction with unsaturated aldehydes 
and ketones, 679 
secondary, synthesis, 660 
tertiary, attempts to resolve, 403-404 
Amino acids, acylation, 1092 
amphoteric character, 1095 
analysis, 1090, 1092, 11*26. 1134, 1142. 
1149 

carbobcnzoxy, 1117 
chcmicul reactions, 1090 
classification, 1081 -1082 
configuration, 1085 1087, 1118 
dcuminution, 1101-1102 

decarboxylation, 1091, 1097, 1155 
dipolar ions, 1088 1090 
electrophoresis, 1080 
esterification, 1090 
formaldehyde titration, 1087, H*90 
formation of indyninidc* from. 722 • - 
general pro|K*rtics mid reactions, H o 
1104 

indispensable, 1083, 1162 
isoelectric |H*int, 1087 l«8S 
natural. 1079 1165 
optical activity, 1085 Itis7 
oxidation. 1100 1102 
preparation, general methods, * 

1109 

racemizut ion, 1093 -1095 
Uuinun s|»cctr:i, 1089 
reactions, with aldehydes. 1096-Iow 
with u-keto uenls, 1097 
with nitrous acid, 1091 
with quinones, 1097, 1098 
resolution, 1109 
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Amino acids, separation, 1082-1083 
solubility, 1087 
synthesis, 1104-1108 
tit nit ion. 1087, 1090, 1096 
Amino alcohols, optically active, re¬ 
arrangement, 9S7-988 
Aminoccllulosc, 1683 footnote 
Amino condensation products of sugars, 
structure, 1579-1580 
o-Amino- 0 -hydroxyhutyric acid, 1123 
Amino sugars. 1613-1617 
Ammiucs, chelate derivatives, 1876 
organometallic, 553 

Ammonia, reaction with unsaturated 
carbonyl compounds, 679 
Ammonia system, see Liquid ammonia 
reactions 

Ainolonin, 1456, 1457 

Amylcne oxide sugars, definition, 1555 

Amyloid, 1095 

Analmsinc, 1193 

Androgenic hormones, 1498-1510 
assay. 1498 
bisexual, 1509 

conversion to estrogens, 1508 
isolation, 1499. 1502-1503 
mole. 1509-1510 
physiological action, 1508-1510 
principal member*. 1500-1501 
related com|»ounds, 1500-1501 
stereochemistry of the hydroxyl 
groups, 1501-1505 

structure and physiological activity, 
1508-1510 
testosterone, 1503 
transformation, 15*15 1508 
Ir-^-Androstune derivatives, 1510 
Aiwlntstaiusliol, 1509 
Aridrostnnedione, 1502 
A fc -Androstenediols, 1502, 1504, 1509 

from dehydnaindrost crone acetate. 

1504 

spat ml configuration of hydroxyl 
groujis, 1501 

A*-Amlr«K<teiK*<lionc, 15**2, 15 HI 
from test«*steroiie, 1503 
reduction to testosfcrone, 1529 
Androsterone, 1199. 16**2, 15*14, 1509 

preparation from cholesterol, 1506 
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Angostura alkaloids, 1208-1209,1254 
Anhalamine, 1210-1211 
Anhalidine, 1210 
Anhaline, 1210 
Anhalinine, 1210 
Anhalonidine, 1210 
Anhalonine, 1210 
Anhalonium alkaloids, 1209-1211 
Anhydrides, polymeric, 735 
Anhydrostrophanthidins, 1440, 1442- 
1443 

A nhydro sugars, 1617-1623 
butylene oxide type, 1621 
ethylene oxide type, 1618-1621 
propylene oxide type, 1621 
Aniline, addition to quinones, 691 
Animal cellulose, 1667 
Anionoid activity, 1859 
Anserine, 1158 
Anthocyanidins, 1316 
absorption spectra, 1326 
degradation, 1320-1323 
distribution, 1330-1331 
occurrence, 1330-1331 
properties, 1329 

relation to other plant products, 1328, 
1330-1331 

synthesis, 1323-1324 
tests for, 1327-1328 
types, 1318-1319 
Anthocynnins, 1316-1331 
acid radicals of, 1319 
acylatcd, 1319 
color, 1326-1327 
color of salts, 1325-1326 
glycosidic nature, 1319-1320 
isolation, 1324-1325 
occurrence, 1327-1328 
properties, 1324-1325 
purification, 1325 
structure, 1316-1318 
synthesis, 1323-1324 
.vnthoxanthin, conversion to anthocyan- 
idin, 1328, 1330 
Anthracene, 162-172 
nitration, 176 
structure, 1971-1974 
0-Anthramine, 168 
Anthranols, 165, 1S6 


1,4-Anthraquinone, structure, 171 
Anthrone, tautomerism, 186 
Antiareginin, 1447 
Antimony compounds, 562-563 
Antimony fluoride as fluorinating agent, 

948 

Antimony fluorochlorides as fluorinating 
agents, 948 
Antioxidants, 657 
in addition reactions, 1915 
Apoatropine, 1198 
Apocholic acid, 1417 
Apoharmine, 1229 
Apoharminic acid, 1229 
Apomorphine, 1225 
Aponucine, 1240-1241 
Apoquinine, 1206 
Apoyohimbine, 1235 
Arabine, 1229 
Arecaidine, 1185-1186 
Areca nut alkaloids, 1184-1186 
Arecoline, 1185-1186 
Arenobufagin, 1452 
Arginase, 1142 
Arginine, 1141-1142 
Arginine-phosphoric acid, 1144 
Armstrong-Baeyer benzene formula, 126 
Aromatic compounds, hydrogenation, 
73-74 

structure and reactions, 117-213 
Aromaticity, 117, 119 
Aromatic nuclei, catalytic reduction, 
817-819 

reduction, table of, 818 
Aromatic substitution, 174 
electronic theory of, 205 
Aromatization, see Dehydrocyclization 
Aroxy radicals, 618 

Arsenic compounds, optical isomerism, 
426-432 

Arsonium bases, electronic theory, 1838 
Aryl-(alkylethynyl)-ethanes, 610 
Arylisothiouronium salts, 845 
Aryl radicals, 615 
Arylthiyl radicals, 619 
Ascorbic acid, 1633-1638 
structure, 1634-1635 
synthesis, 1635-1637 


synthetic analogs, 1637-1638 
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Asparagine, 1116, 1118 
Aspartic acid, 1115-1118 
Association polymers, definition, 706 
Asymmetric, atoms, 221 
biphenyls, 358-370 
crystals, 220 
induction, 312 
molecules, 221 

with restricted rotation, 343-383 
synthesis, 308-315 
absolute, 312 
biochemical, 311 
chemical, 308-311 
definition, 308 
enzymatic, 311 
Asymmetry, molecular, 221 
Atomic distances in fluorides, 902 
Atomic models, Stuart, 321 
Atomic radii, 1772 

Atoms, electronic structure, 1014-1918 

Atroluctic acid, 1194 

Atropamine, 1198 

Atropic acid, 1194 

Atropine, 1194 

Atroscinc, 1197 

Autoxidation, aldehydes and ketones, 

056-657 

v. Auwcrs-Skitu rule, 1373, 1493, 1501 
Auxochromcs, 1788-1789 
Azides, rearrangements, 977 
urethanes from, 1100-1107 
Azlactoncs, 1093, 1102, 1122 
Azobenzcne, cix-irana isomers, 473 47- 
reaction with orgnnometnllic com¬ 
pounds, 498, 511-512 
Azo compounds, catalytic reduction, 

814-815 

Azomcthincs, 658-000 

addition of Grignard reagent, 5M. 
addition of orgunolithium comiH.un.L-, 

659 

reduction, 000 

Azomethylene compounds, «« Azoinc *- 
inee 

B 

Bacterial cellulose, 1008 
Bacteriochlorophyll, 1313 
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Baeyer strain theory, 68 

Baeyer test for ethylenic linkage, 635 

Bakelite, 731 

Barbier-Wieland degradation, 1357, 
1360, 1423, 1432, 1440, 1460, 
1478, 1495 

Barium compounds, 546-547 
Barium sulfate as support for palladium 
catalyst, 786 

Bart reaction, preparation of gtihonic 
acids, 562-563 
Bases, definition, 1858 
strength, 1034-1035 

Beckmann rearrangement, 470-471, 979, 
984. 1004, 1026 
dihydroeodeinone oxime, 1225 
salt formation in. 984-985 
Beetle-Melamine, 731 
Belladonna alkaloids, 1194-1198 
Bella.lonnine, 1198 

Ben/aluectoplienone, addition of organ«>- 

mctnilie coin|M>uii<ls, 511 
additions to, 675-681 

1 . 2 - Benzanthracene, structure, 168 
Bcn/.ant hronc, addition of Grignurd 

reagent, 172 

2.3- Bcnz-9-anthrone, equilibrium, 169 
Benzene, addition products, 133 

Ih.imI lengths, 124 
halogenation, 179 
livdrogenation, 133 
oxidation, 133 
oziMiization, 133-134 
reduction, 73 74 
resonance in, 1970-1971 
llirrinocliemistry, 118 -119 
Boiizencdiazoic arid, 192 
Benzene formulas, 120-132 
Armstrong-Baeyer, 126 

rentrie, 126 

cent rie-elcct roll, 131 
Claus, 124 
Dewar, 125 
electronic, 130 

Kckulf', 121 

Duleiiburg, 122 
/hi in Ih.imI, 124 
prism, 122 
Thiele, 127-128 
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Benzenesulfonic acid, 178 
Benzenetetracarboxylic acid, 1402, 1442 
Benzhydroxamic acid, rearrangement, 
977 

Benzidine rearrangement, 976, 995, 

1021 

Bcnzilic acid rearrangement, 974, 976, 
980, 986, 1000 
Benzilmonoximes, 470—471 
Bcnzohydryl rule, 537-538 
Benzoin oximes, effect of chelation in, 
1879 

Benzoins from aldehydes, 649 
Benzophenone-nnil, addition of Grignurd 
reagent, 688 

reaction with organomctallic com¬ 
pounds, 545 

Bcnzopinacol diphenyl ether, 613 
Benzopyrone, 1332 
Benzopyrylium chloride, 1317 
o-Ben zoqui none, reduction potential, 
15S-159 

Benzoylatcdsugars, preparation, 1561 
3,4-Benz pyrene, 173 
Bcnzylazide, rearrangement, 979 
Benzylcellulose, 1691 
Berheral, 1214, 1215 
Berherine, 1214-1216 
Berlicroiiic arid, 1214, 1235 
Beryllium compounds, 545 
optical isomerism, 432—133 
Bossistcrol, 1398 

Betaine, occurrence as sugar derivative, 
1611 

Betaine hvdrazide, 1115 
Betaines, 1115, 1124. 1157 
Betel alkaloids, 1184 1 ISO 
Bieyclic compounds, aliphatic, 114-115 
Bifunctioual molecules. production of 
polymers from, 705-700 
Bile acids,' 1411-1427 
and sterols, common nucleus, 13414- 
1350 

C'iu— CIIj group, 1421 

color reactions, 1418 
conjugated, 1426 
dehydration, 1416 
derived, 1413 
formation, 1412 
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Bile acids, isolation, 1412, 1414 
molecular compounds, 1421-1422 
natural, 1413, 1422-1423 
nomenclature, 1414 
nuclear hydroxyl groups in, 1414-1416 
occurrence, 1412 

physiological transformations, 1426 
taste, 1416 

transformations of nucleus, 1418-1420 
unsaturated, 1416-1418 
Bile alcohols, 1425-1426 
Bilianic acid, 1418-1419 
Binary system, MgXa + Mg, 503, 518, 
571; see also Magnesious halides 
Biogenesis, of alkaloids, 1252-1257 
of steroids, 1528 

Biphenyls, coaxinl-noncoplunar model, 
352 

optical isomerism, 347-370 
physical data, 356 
size of groups, 359-361 
steric effects, 366 
unsyminetricnl substitution, 355 
x-ray data, 351-352 
Bipyridyls, optical isomerism, 374 
Bipyrryls, optical isomerism, 375 
Biradicals, 602-604 
Birotation, 1546 

Bischlcr-Xapicrolski reaction, 1213 
synthesis of oxyberberine by, 1216 
2.3-Bisdesoxyglucose, 1633 
Bisexual hormones, 1509 
Bismuth compounds, 562-564 
Bisnorcholanic acid, 1361 
Bisulfite, .srr Alkali bisulfite 
Bivalent carbon, 973, 9S0 
Bixanthyl. 604 

Bixanthyl-9,9'-dicarboxylic acid, 611 
Blanc method, synthesis of cycloalka- 

noncs, S0-S2 

Blanc rule, 81-82, 1358, 1359, 1361 

Boesckcn method of detennining abso¬ 
lute configuration in sugars, 1570 
Boiling points, 1732-1737 
alkyl fluorides, 953-955 
calculated from atomic volumes, 1734 
correlation with structure, 1736 
equations for, 1733-1734 
relation to dipole moment, 1736 
ume II, pages 1079-1983. 
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Boiling points, sulfhydryl compounds, 
840-841 

Bond, coordinate, 1827—1829 
covalent, 1825-1827. 1948-1951 
electrostatic, 1948-1949 
energies, 1852-1854 

for covalent bonds, 1800 
ion-dipole, 1949 
ionic, 1825-1830, 1949 
metallic, 1948 
orbitals, 1952-1956 
polarizabilities, 1856-1858 
refractivities, 1857 
shared-electron-pair, 1949-1950 
Boric esters of carbohydrates, 1609-1010 
Boron compounds, 552-553 
optical isomerism, 432—433 
Brassicasterol, 1398 
von Braun degradations, 1174-1175 
Brcdt rule, 113-114 
Bromination, addition-elimination mech¬ 
anism, 179-182 
phenanthrene, 179-182 
Bromine, addition to cthylonic linkage, 

037 

addition to quinones, 091 
addition to unsat united ucids, 683 
Bromomethylfurfural, from cellulose. 

1098 

l-Bromo-2-nuphthol, 152 
9-Bromophcnanthrenc, 179 
Brucine, 1230 
Brucinolic acid, 1239 
Brucinolone, 1239 
Brucinonic acid, 1239 
Buchercr reaction, 151 
Bufocholanic acid, 1420-1421 
Bufodesoxycholic arid, 1420 
Bufotalicn, 1450-1451 
Bufotalin, 1449, 1450-1451 
Bufotenine, 116-4, 1227 
Buna rubbers, 760, 704. 705 
Butadiene, copolymer with methyl mctli 
acrylate, 757 

Butadiene dibromidcs, rearrangements 
1001 

A a, ^-Butenolidcs, 1434 
Butyl ulcohol and acetone fermentation 
1001-1002 
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n-Butylcyclopentane, 118 
Butylene oxide sugars, 1557 
Butyl rubber, 760 
Butyric acid fermentation, 1661 


Cadmium compounds, 548-549 
Cafesterol, 1398 

Calabar bean alkaloids, 1230-1234 
Calciferol, see Vitamin D 2 
Calcium carbonate as support for 
palladium catalyst, 787 
Calcium compounds, see Organocalcium 
compounds 

Camphcne hydrochloride, rearrangement 
to isobornyl chloride, 991 
Camphor, 72 

conversion to />-cymene, 118 
Camphor series, rearrangements in, 001- 
993 

Cunadinc, 1216 
Cnnuline, 1149-1150 
Canavanine, 1149, 1150 
Cannizzaro reaction, 619 

mechanism involving free radicals, 630 
Carbomino acids, 1095 
Carbanions, in rearrangements, 988, 
989 

optical activity, 383-388 
Carbct boxykryplopyrrole, 1268 
Carbides, 402, 524, 574 
Carbobcnzoxyamino ucids, 1117 
Cnrbodiimidcs, 665 

Curbohydmtcs, see Sugars utul Cellulose 
cellulose, 1004-1710 

mono- and oligosaccl in rides, 1532-1604 
sugar derivatives, 1605-1663 
4-Carl x»li no. 1228 
Carbon, direct fluorination, 946 
Curbonation of Grignard reagent, 505- 
500 

Carbon atom, asymmetric, 224 
pscudoasymmetric, 235 
tetrahedral, 222-223, 1952-1956 
Curiam dioxide, reaction with Grignard 
reagent, 505-506 

Carbon disulfide, reaction with Grignard 
reagent, 605 
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Carbonic acid, sulfur analogs, 938-939 
Carbonium ions, in rearrangements, 982, 
988, 989, 997-999 
optical activity, 397-400 
Carbonium salts, anthocyanins, 1317 
footnote 

Carbon monoxide, electronic theory of 
addition to, 1907-1908 
Carbonyl bridges, 687 
Carbonyl compounds; see under in - 
dividual members 
Carbonyl group, 643-657 
Carbowaxes, 771 
o-Carboxycinnamic acid, 133 
Carboxyl group, rates of esterification, 
683 

Carbylamines, sec Isocyanides 
Carbyl sulfnte, 904 

isolation in sulfonation, 640 
Cardiac aglucons, 1427-1447 
and toad poisons, 1427-1454 
interrelationship, 1443-1447 
lactone ring, 1434-1435 
principal members, 1431 
ring system, 1430, 1432 
squill nglucon, 1448 
strophanthidin, 1435-1440 
structure and physiological action, 
1452-1454 

Cardiac glycosides, 1427-1430, 1633 
physiological potency, 1453 
principal members, 1428-1429 
sources, 1427, 1428-1429 
Carnegine, 1254 
Carnosine, 1157-115S 
Castor-bean alkaloid, 1186-1187 
Catalase, 1260 

Catalysts, amorphous forms, prepara¬ 
tion, 7S4-7S9 

colloidal forms, preparation, 7S3 
definition, 790 

for esterification of cellulose, 1679 
for hydrogenation, preparation, 783- 
789 

for polymerization, 741 
redistribution reaction, 1814 
role in hydrogenation, 790-797 
Catalytic hydrogenation, 634, 779-819 
and hydrogenolysis, 779-834 
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Catalytic reduction of various functional 
groups, 797-819 
Cationoid activity, 1859 
Cellan, 1699 

Cellobiose, determination of structure, 
1598-1600 
from cellulose, 1697 
Haworth formula, 1697, 1712 
CeUodextrins, 1696 
Cell ul osates, 1669-1672 
Cellulose, 1664-1719 
acetals, 1689 
acetates, 1679-1683 
acetolysis, 1668 , 1682 
action of ammonia, 1672 
action of enzymes, 1671 
action of hot alkalies, 1673 
action of hydrobromic acid, 1698 
action of hydrochloric acid, 1698 
action of periodic acid, 1693 
action of Schweitzer’s reagent, 1674 
action of strong organic bases, 1672 
aging of, 1672-1673 
alcoholates, 1670 
alkali fusion, 1673 
alkali metal derivatives, 1669-1672 
amino-, 1683 footnote 
animal, 1667 

arrangement of micellae in, 1714 
as polyacetal, 734 
bacterial, 1668 
benzyl ether, 1691 
carboxylic groups in, 1668 
catalysts for esterification, 1679 
cellobiose from, 1668 
chemical constitution, 1701-1709 
chemical properties, 1667 
coke, 1699 

complex metallic salts, 1674 
copper-cthylenediamine, 1674 
cuprammonium, 1674-1675 
degradation, by acids, 1691-1699 
by biological processes, 1700-1701 
degree of polymerization, 1669 
derivatives with organic bases, 1672 
destructive distillation, 1699-1700 
esters, 1676-1687 

with p-toluenesulfonic acid, 1682- 
1683 
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Cellulose, ethers, 1687-1691 
ethylene oxide derivatives, 1690 
fermentation of, 1700-1701 
fibrillar structure, 1716-1718 
fine structure, 1709-1716 
glucose from, 1668 
glycolic acid ether, 1690 
hydrate, 1671 

hydrolysis by acids, 1668, 1694 
isolation and purification, 1666-1667 
mercerization, with acids, 1672 
with bases, 1669 

methyl and ethyl ethers, 1687-1689 
methylene ethers, 1689 
microstructure, 1716-1718 
molecular weight, 1705-1709 
nitrate, 1677-1679 

oligosaccharides from, 1668, 1696-1699 
oxidation, 1691-1694 
reducing power, 1067 
regeneration from solution, 1675 
solvents for, 1675 
sources, 1660 
standard, 1667 
structural formula, 1667 
submicroscopic structure, 1710, 1713- 
1716 

sulfates, 1679 
swelling, 1671 

synthesis of, by bacteria, 1008 
thermal degradation, 1099-1700 
tosylation, 1082-1083 
triphcnylearbinyl ether, 1690 
ty|>c of linkage in, 1704-1705 
viscosity, 1009 
viscosity of solution, 1707 
x-ray structure studies, 1709-1710, 

Cellulose formulas, present concept, 1007 
Tollcna. 1702 

Cellulose structure, Meyer and Marx 
concept, 1712-171.1 

present concept, 1007 1711ll71 , 

Sponslcr and Dorc concept, 17 iw 
Cellulose xnnthatc, 1070, 10K3 1087 ^ 
meclianisrn of formation, 108-1-108., 
preparation, 1083-1084 
properties, 1085-1080 


Cerevisterol, 1399 
Chain reactions, 1932 
Ch’an Su, 1449 

Chapman rearrangement, 1016 
Chavicic acid, 1181 
Chavicine, 1180 
Chelate rings, 1868-1883 

aromatic compounds, 140-141 
polydent ate, 1877-1878 
spiranc types, 1871 
Chelation, 1868-1883 

detection by absorption sjxetra, 1778- 
1783 

effect on orientation, 1877-1879 
in chemical reactions, 1879-1883 
in Grignard reaction, 1003 
intramolecular, 1003 
Chemical reactivity, see Relative react iv- 
ity 

classification, 1858-1861 
comparison, 1032-1072 

by competitive reactions, 1064-1072 
by severity of conditions, 1002-1064 
effect of concentration on comparison, 
1003 

interpretation of data, 1072-1077 
Chcmigum, 700 
Chemiluminescence, 504, 508 
Chcnodcsoxycholic acid, 1346, 1414 
hypobromitc oxidation, 1377-1378 
IsiMtion of C 7 —OH group in, 1415 
Chit in. 1614 
C*hit«»snmiiie, 1613, 1614 
Cl d oral glucose, 1700 
Chloraminc-T, 902 
Chlorins. synthetic, 1312-1313 
Chloroacet anilides, rearrangement, 188 
Clilorocodidcs, 1222 
Clilorogenins, 1405-1466 
Cliloroliydrins, ring contraction in Grig 
nard reaction, 513 

Chloruiodomcthuncsulfonic acid, resolu 

lion, 227 

Chloroinorphidcs, 1222 
1 -Chloro-2-napht liol, 161, 152 
Chlorophyll, 1200, 1293-1314 
nllomcrizatioii of, 1304-1305 
carbocyclic ring in, 1301-1303 
configuration of, 1290 


ng, 1080 
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Chlorophyll, degradation by hydrogen 
iodide, 1299-1301 

dihydroporphyrin nucleus in, 1306- 
1308 

formyl group in, 1309-1311 
investigations of Conant, 1303-1305 
investigations of Wills tatter, 1297- 
1298 

nuclear structure, 1295-1297 
partial synthesis, 1311-1313 
phase test, 1303 
phytyl group in, 1298 
relation to hemin, 1314 
relation to organometallic compounds, 
578 

role in photosynthesis, 1314 
vinyl group in, 1305-1306 
Chlorophyll a, 1297-1308 
structural formulas, 1308 
Chlorophyll 6 , 1309-1311 
Chlorophyll derivatives, hydrochloric 
acid number, 1295 

Chlorophyll porphyrins, 1274, 1289, 

1290, 1295-1297 

Chloroprenc, emulsion polymerization, 
7G5 

neoprene from, 760 
Cholanic acid, 1361, 1412 
degradation, 1360-1361 
from bile acids, 1360 
from coprostanc, 1350 
Cholatrienic acid, formation, 1350, 1351 
Choleic acids, 1421-1422 
('holes! adicnes, 1394-1395 
Cholestanc, chair types of configuration 
in, 1368-1369 

evidence in sup|M»rt of structure, 1369 
formation, 1350 
physical constants, 1370 
st crcochem ist ry, 1367-1369 
Cholestnnedionc, 1355, 1356 
Cholcstanedione pvridazinc, 1355-1356 
('holestunedionol, 1355, 1356 
Cliolcstanetriol, 1355, 1356 
Cliolestnnol, see Dihydrocholesterol 
Cholestanonc, 13S9 

hydrogenation, 1373, 1374 
Cholestcne, by reduction of cholesteryl 
chloride, 1359 


Cholestene, structural formula, 1358 
A 4 -Cholestene-3,6-diol, 1385 
A 5 -Cholestene-3,4-diol, 1385 
Cholestenone, catalytic hydrogenation, 
1373 

from cholesterol, 1357 
A 4 -ChoIestenone, 1390, 1393, 1394 
A s -Cholestenone, 1393 
Cholesterilene, 1394 
Cholesterol, 1392 

catalytic hydrogenation, 1349-1350, 
1373 

Diels’ hydrocarbon from, 1349, 1351 
occurrence, 1392 
old structure, 1349-1348 
oxidation with hypobromite, 1359 
reaction with phosphorus pcntachlo- 
ride, 1375 

relationship of hydroxyl group and 
double bond, 1354-1358 
selenium dehydrogenation, 1349 
size of ring A and B, 1358-1360 
size of ring D, 1360-1361 
structure, 1346-1347 
Walden inversion, 1375-1377 
i-CholestcroI, 1383-1384 
Cholesteryl chloride, 1350, 1376, 1393 
Cholesteryl methyl ethers, 1383 
Cholesteryl /Molucnesulfonate, acetyla¬ 
tion, 1383 

reaction with methanol, 13S3 
Cholestyl chlorides, 1376 
Cholic acid, dehydration, 1417 
dehydrogenation, 118, 1350-1351 
hypobromite oxidation, 1377-1378 
isolation, 1412, 1414 
12-ketocholanic acid from, 1354 
old structure, 1346-1348 
position of C 7 -OH group in, 1415 
structure, 1346-1347 
Chondrosamine, 1613 
Chromatographic analysis, purification 
of anthocynnins, 1325 
steroids, 1407 

Chromium compounds, 564-565 
C'hromone, 1332 
Chromophores, 17S8-1789 
Chrysene from natural products, 1348 
1350, 1352. 1449, 1473 
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Ciba type resins, 732 
Cincholoiponic acid, 1204 
Cinchona alkaloids, 1202-1203 
Cinchonine, 1202-1203 
Cinchoninic acid, 1203 
Cinchoninone, 1203, 1205 
Cinchotenine, 1205 
Cinchotoxine, 1205 

Cinnamic aldehyde, additions to, 675- 
681 

Cinnamylcocaine, 1202 
Cinobufugin, 1449, 1451 
Circular dichroism, 288 
Circularly polarized light, 285-287 
Cl*#- and frans-eliminution, 1020 
Ci#- und trans-migration, 1020-1027 
Cis-traru isomerism, 444-487 
definition, 444 
in azo compounds, 473-177 
in curbon-curhon double-bond eoin- 
|>ounds, 446-464 

in curbon-nitrngcn douhle-lamd o»m- 
pounds, 465—173 

in condensed ring Bystcnis, IS I ISO 
in cyclic com|>ounds. 477—180 
in Diels-Alder reaction, 402-401 
in diphcnoquinonc*, 4 10 117 
in ethylene series, 440 
in fused ring systems, 328, 481 1*0 
in heterocyclic coin pom ids, 4 S3 4M 
in nitrogen-nitrogen double l**nd • ••"*- 

pounds, 473 -177 
in oximes, 405 173 
in polyolefins, 401 
in terphenyls, 480 487 
types, 444-445 

Cia-tran* isomers, azoben/cne, 173-4 • 1 
determination of configuration 

cyclic isomers, by absolute meth¬ 
od, 480-481 

by physical pro|*erlics, 479 
by relation to optical isomers, 17*. 

480 481 

determination of configuration m 
ethylene isomers, by rlietnieal 
behavior, 459-402 
by kinetic studies, 452 453 
by physical pro|*?rtics, 449 152 
by relation to acetylenes, 4tK) *1.1 
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Cis-trans isomers, determination of con¬ 
figuration in ethylone isomere, by 
relation to cyclic compounds, 447- 
449 

by relation to saturated compounds, 
461-462 

determination of configuration in 
oximes, by Beckmann rearrange¬ 
ment, 470-471 

by dipole-moment studies, 471 
by relation to cyclic compounds, 
*467-170 

by restricted rotation, 471-472 
hydrogenation. 800-801 
intercoiivcrsioii of, in cyclic series, 482 
in ethylene series, 453—159 
in oximes, 472 
('draconic imide, 1261 
Citric acid fermentation, 1662 
Citrulline, 1147 
Civet one, 105 

Claiscn rearrangement, 141, 119, 1811, 
999 

Clu-'ilieutioii of sugars, Rosanoff meth¬ 
od. 15-11-1541 

Clau- formula for ben/eiie, 121 
Cleavage, of oyohihutaiic ring, 101 102 
ol cyclopropane ring, HU 102 
of dikclohcH by hydrogen peroxide, 071 
of 1,3-diketones, 1070 1071 
• 4 cl banes by alkali metals, tW». r *. t’dtl 
ol onsyiiiinel neal diarylineieury coin- 
I* Minds, 1071 1072 
C *|elllliM*leeli icduelioli, till, 1357 
(V» alkaloids, 1198 1202 
Cocaine, 1198-1199 
('••rnliiine, 1202 
('•.damme, 1219 
C.sieine. 1221 
Codcinonc. 1222. 1223 
Cold drawing, of polymetals, 731 
of iMilyiunides, 720 
of |H.lyenters, 712, 717 
Colligative pro|M*ri ies, deliuilioii, 1722 
Color, of dyes, 19*1 19*3 
tlii-ora* ol. 17*8 1793 
Color tent, detection of orgaiioinelallii 
ritinpounds by, 4*Hi 497, 518 
525, 501 

Volume II, pages 1079-1983. 



XXIV 


INDEX 


Color test I, organometallic compounds, 
496-497 

Color test II, organometallic compounds, 
525 

Color test III, organometallic com¬ 
pounds, 564 

Columbium compounds, 561 
Comparison of chemical reactivity, 1032- 
1077 

Compensation, external and internal, in 
optical isomers, 233 
Competitive reactions, 1064-1072 

alkyl halides and silver nitrite, 1065- 
1066 

cleavage of 1,3-diketones, 1070-1071 
cleavage of unsym metrical diaryl- 
mercury compounds, 1071-1072 
formation of cyclopropane derivatives, 
1065 

functional groups with Grignard re¬ 
agents, 501, 518-519, 553 
pinacolone rearrangement, 1066-1069 
pyridine and alkyl bromides, 1064-1065 
two alcohols or amines with phenyl 
isocyanate, 1069-1070 
Condensation, Friedliinder, 1254 
of carbonyl compounds, 548, 652-654 
of fluorides, 957 

of unsaturated compounds, cycliza- 
tion by, 75-76 

Condensation polymerization, 706-739 
Condensation polymers, definition, 702- 
703 

Condensed ring systems, cis-trans isom¬ 
erism in, 484-486 

Conductivities of organometallic com¬ 
pounds, 530-532, 565 
Configuration, octahedral, 222 
of sugars, notation, 1543 
optical, related compounds, 278 
planar, 222 
tetrahedral, 222 

Configurational isomerism of monosac¬ 
charides, 1535-1545, 1570-1572 
Configurational notation, 304-305 
steroids, 1372 
Conhydrine, 1179-1180 
7-Coniceine, 1179 
Coniine, 1178 


Conjugate addition, see 1,4-Addition 
Conjugated compounds, comparison with 
benzene, 142 

Conjugated systems, 666-699 

addition of Grignard reagent, 506-507 
addition of halogen, 1001 
crossed, 680-692 
in cyclopropane derivatives, 102 
long, 693-699 
resonance energy of, 1917 
Conjugation, effect on molecular refrac¬ 
tion, 1752 

unsaturation and, 631-700 
Constitution, and physical properties, 
1726-1805 

effect on properties, 1723-1724 
Constitutive properties, definition, 1722 
Convallatoxigenin, 1447 
Conyrine, 1178 
Coordinate bonds, 1827-1829 
Coordination complexes, 1866-1867 
with Grignard reagent, 509 
with organogallium compounds, 556 
with trimethylgold, 543 
Codrdination compounds in organo¬ 
metallic chemistry, 556-557 
Copolymerization, example, 705 
Copolymers, 757-758 
definition, 705 

methyl methacrylate and butadiene, 
757 

Copper chromite catalyst, preparation, 
788-789 

reduction of esters in sugar series, 
1591-1592 

Copper compounds, 542-544 
optical isomerism, 432-433 
Copper-ethylenediamine cellulose, 1674 
Coprostane, saddle types of configuration 
in, 1368-1369 

evidence in support of structure, 1369 
formation, 1350 
physical constants, 1370 
stereochemistry, 1367-1369 
Coprostanol, see Coprosterol 
Coprostanone, 1371, 1373-1374, 1390 
Coprosterol, dicarboxylic acids from, 


1370 

etiocholanolones from, 1502 
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Coprosterol, formation, from cholesterol, 
1350 

from coprostanone, 1373 
molecular compounds, 1392 
occurrence, 1393 
oxidation, stepwise, 1361-1362 
Corpus luteum hormone, 1487-1489 
Cortin, 1511 
Cotarnic acid, 1220 
Cotarnine, 1213, 1220 
Cotton effect, 288 
Coumarone polymer, 756 
Coupling reactions, addition-elimination 
mechanism, 196 
anthrnnols, 166 
aromatic amines, 191, 192 
decomposition of orgiuiomctallic com¬ 
pounds, 543 

Grignard reagents, 508-509 
hindrance, 197-198 

hydrocarbons, 199 
nnphthols, 148, 154 
phcnnuthrols, 161 
phenol ethers, 195 
phenols, 191, 192 
tertiary amines, 195 
IMIrnann, 544 

Wurt/.-Fittig, 608, 539 512. 544 
Covalence maxima, rule, 1829 1830 
Covalent bond, 1825-1827. I!MH 1951 
ionic character, 1951 1952 
2-Covulcnt hydrogen, chelation, 1869 
examples, 1830 
in dyad systems, 1736 

2- Covalent iodine, 1840 

3- Covalent iodine, 1840 
Cracking, 27 

Creatine, 1111-1113, 1142 
Creatinine, 1112-1114, 1142 
Cross-linked |»olyinert*, 703 
swelling, 712 
Cross-linking, 719-720 
acrylate polymers, 752 
Crypt osterol, 1399 
Crystalite, 752 
Crystal radii of ions, 1888 
Crystals, asymmetric, 220 
Cumalinic acid, 1150 
Cumulative double bond*, 062 665 
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Cumulenes, 663 

Cuprammonium cellulose, 1674—1675 
Cupreine, 1208 
Cuprotenine, 1205 

Curtius rearrangement, 977-980, 988- 
990. 1004, 1013, 1022, 1024 
Cuscohygrinc, 1189 
Cusparei no, 1208 
Cusparine, 1208-1209 
Cyanide radical, 616 
Cyanides, see Nitriles 
Cyanidin, 1318 

a-Cyanocinnamic ester, addition of Grig- 
nard reagent, 691 

Cyanogen bromide, reaction with organic 
sulfides, 859 

Cyanogen bromide degradation, 1174- 

1175 

Cyanohydrin formation, rates, 1035- 
1038 

Cyanohydrin preparation of sugars, 1538 
Cyanohydrins, stability, 1036 1037 
Cyclic compounds, cis-iran* isomerism, 
317. 477-180 

intermediates in rearrangements, 973, 
976. '.>90 

optical isomerism, 315-336 
|to|ymrri/:»tion. 770-771 
Cyclic ketones from pyrolysis, 78-82 
Cyclic structure, effect on molecular 
refraction, 1752 

Cyclical ion, by Hisohlcr-Napioralski rt- 
aet ion, 1213, 1216 
by I)ar/ciiN reaction, 183 
by elimination *»f hydrogen halides. 
86 88 

by Freuiul reaction, 74 75 
by liydrogen fluoride, 958, 959 
Diels-Alder, 76-78 

formation of alieyelie compounds, 
71-96 

1 .2-Cycloulknnodiols, reactions, H>8 lit’ 
<•yeloalkanedioiies, synthesis, 78 79 
Cycloalkanes, pr«»|H-rt ies, 103 105 
Cyeloidkanols, 107-108 
CyeloalkaiMines, pro|K.Tties, 105 107 
Cyclobutunc, cleavage, 103 
C’yclobutaiioiie, synthesis, 105 
(Tyebsleliydration, 92 93 
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Cyclohexane, boat or C-form, 321 
chair or h- form, 321 
saddle and chair forms, 70, 114 
Cyclohexanone-4-carboxylic acid, isom¬ 
erism of oxime, 467 
Cyclohexene, 183 
Cyclooctatetraene, 129, 213 

unsaturated alicyclic nature, 112 
Cycloolefins, properties, 111-114 
Cyclopentadecanone, 105 
Cyclopentadiene, reactions, 76-77, 111- 
112 

Cyclopentanedione-1,2, 140 
Cyclopentanoperhydrophenanthrene de¬ 
rivatives, see Steroids 
Cyclopropane, cleavage, 101-102 
reaction with hydrogen fluoride, 948 
Cyclopropane derivatives, formation in 
competitive reactions, 1065 
attempted syntheses, 100, 105 
p-Cymene, formation from camphor, 118 
Cysteic acid, 1132 
Cysteine, 1130-1136 
Cystine, 1130-1135 

D 

Daidzein, 1338, 1339 
Durzens reaction, 183 
steroids, 1526 
Dealkylation, alkanes, 20 
Deamination, semi-pinacolic, 1012 
Deealin, 147 

and derivatives, isomerism, 114-115 
Decker reaction, 1233 
Degradation, Barbier-Wieland, 1357 
von Braun, 1174-1175 
camphoric acids, 1013 
catalytic, 1174 
Emde, 1173-1174 
Hofmann, 1172-1173 
of desoxycholic acid, 1363, 1364, 1522 
of hemin, 1261-1263 
of lithochoiic acid, 1361-1363 
of sugars, 1638-1662 
Wallach, 99 

Wieland (Barbier-Wieland), 1357 
Degree of polymerization, definition, 
741 


Dehydration, by hydrogen fluoride, 958 
in rearrangements, 985 
of sugars, methods, 1540-1541 
Dehydroandrosterone, 1503, 1506, 1509, 
1527, 1528 

7-Dehydrocholesterol, 1387, 1406-1407 
Dehydrocorticosterone, 1521 
Dehydrocycli 2 ation, alkanes, 28-30 
alkenes, 28, 30 
catalytic, 28-30 
influence of chain length, 30 
mechanism, 31 
thermal, 27 

Dehydrodesoxycholic acid, 1363, 1364, 
1415 

Dehydroergosterol, 1410 
Dehydrofluorination, 957 
Dehydrogenation, catalytic, 25-27 
hydroaromatic compounds by disul¬ 
fides, 863 
mechanism, 27 
steroids, with bromine, 1417 

with mercuric acetate, 1404, 1410 
with palladium, 1350, 1408, 1479 
with platinum, 1402, 1489 
with selenium, 1349, 1350-1351, 
1353, 1354, 1403, 1408, 1410, 
1432, 1449, 1454, 1459, 1467, 
1474, 1526 
with zinc, 1473 
thermal, 25 

with organometallic compounds, 537 
Dehydrolumisterol, 1404, 1410 
Dehydroneoergosterol, 1402, 1470 
7-Dehydrositosterol, 1411 
Dehydrosterols, 1387, 1388, 1401 
7-Dehydrostigmasterol, 1411 
Delphinidin, 1318-1319 
Demjanow rearrangement, 96-97, 107 
Density, of alkyl fluorides, 951 
of organic compounds, 1741-1746 
Dephanthanic acid, 1440, 1441 
Derived sugars, 1617-1638 
Desoxybilianic acid, 1363, 1364 
degradation, 1418-1419 
Desoxycholic acid, 1346, 1354, 1414 
degradation, 1363, 1364, 1522 
molecular compounds, 1421 
structure of acid CisHsoOe, 1363-1366 


Volume I, pages 1-1077; Volume n, pages 1079-1983. 



INDEX 


XX VII 


Desoxycorticosterone, 1433, 1520, 1523- 
1524 

2-Desoxygluconic acids, preparation, 

1631 

Desoxyphyllocryt hrin, 1300 
2-Desoxystyracitol, 1633 
Desoxy sugars, 1631-1633 

2- , 1631 

3- , 1631-1632 
6-, 1632-1633 

a-Desoxy sugars in cardiac glycosides, 
1430 

Desoxyvasicine, 1251, 1255-1256 
Destructive distillation of cellulose, 
1000-1700 
Detergents, 886 
Deuterium, 1876 

Deuterium compounds, cnolization stud¬ 
ies, 246 

optical activity, 302-304 
racemization atudies, 216 
Dcutcrohcrnin, 1282 
Dcuteroporphyri n, 1280 , 1282 
Dewar formula for benzene, 125 
Dexlro form, definition, 225 
Diacctoncglucose, establishment of struc¬ 
ture, 1557-1550 
Diacctyldeutcroporphyrin. 1282 
Diacetylpseudoglucal, 1630 
Diacyl disulfides, 035 
Diacyl sulfides, 035 
0,0'-Dialkylbixanthyls, 608 600 
Diamines, and dibasic acids, polyamides 

from, 724-727 
Diirrylacylmetliyls, 610 
Diarylalkylincthyls, 600-CIO 
Diarylomino radicals, 010 
Diarylcarboxymctbyls, til I 
Diaryleyanometbyl radieals, <»l I 
Diaryldisulfidcs, 610 
Diurylhydroxy met hyls, 612 
Diarylmethyls, 604-600 
Diaryl nitrogen oxides, 618 
Diaryl peroxides, 018 610 
Diastcrcoisorncrs, formation. 230 232 
properties, 230 
relationship of, 220 230 


Diazoacetic ester, in chlorophyll studies, 
1306 

ring compounds from, 05-06 
Diazoami nobenzene, rearrangements, 
104 

Diazoamino compounds, rearrangement, 

003 

Diazo compounds, aliphatic, addition •«> 
unsaturated esters, 682-683 
mcsomcric effects, 1013 
Diazoketones, optically active, rear¬ 
rangement, 1014 

Diazomethanc, addition to cthylcnic 
linkage. 642 

addition to quinones, 601 
decomposition, 083 
ring expansion by, 00-100 

Dinzonium cations, electronic theory of 
addition to, 1007 

l)ia/.oniuin compounds, aromatic, addi¬ 
tion to dienes, 670 
addition to a./J-unsaturntcd esters. 

683 

cis-lrans isomers. 474-177 
in preparation of aromatic fluorides. 

050 

Din/.oiiium fluorides. 050 
Diazonium salts, in preparation of organ¬ 
ic sulfides, 856 

in |»rc|wiration of tliiopbcnols. 844-815 
reaction with sulfuric acids. 018 
Dia/otization in hydrofluoric acid. 050 
J >iha*ic acids, and diamines, polyamides 
from, 724 727 

polymeric anhydrides from, 735 
pyrolysis of suits, <8- 82 
| )ilieii*idpropionic acid, brorninalion, 600 

2.3.6.7- 1 >il»eiiznnl liracenc, 603 
/iM.-DilH'iizunt hracoiic. 170 

I lilieiizylbiiladicnc, I 13 
1 2 -l)ibroinidcs, rearrangement, I * MU* 

|, 1 -Dibromides, formation by rearrange¬ 
ment. 1 (MU-1002 

6.7- Dibromotetrnlin. 130 
Dibromotyrosine. 1120 
Direkmann reaction, 70 80, 80 01 
Dielectric constant, as factor in rear¬ 
rangements, 01*2 


olution by, 256-260 
den, rearraiigemciit, 078 


of alkvl fluorides, 0.»2 
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Diels’ acid, 1359, 1360 
Diels-Alder reaction, 165, 685-687 
cis-trans isomerism in, 462-464 
cyclization by, 76-78 
electronic theory, 1923 
formation of endocyclic bridges by, 111 
Diels’ hydrocarbon, from cardiac aglu- 
cons, 1432 

from cholesterol, 1349, 1351 
from digitalis saponins, 1454 
from gitogenin and sareasapogenin, 
1459 

from Iumisterol, 1403 
from pscudobufotalin, 1449 
from steroid alkaloids, 1467 
from vitamin D*, 1410 
structure, 1349 
syntheses, 1352-1353 
Diene reactions, 1915-1916 
Dienes, 667-670; see also Alkadienes 

1.2- , 1911 

addition of alkali metals, 668 
addition to quinones, 691 
catalytic reduction, 801-802 
polymerization, 758-759 
by alkali metals, 762-763 
reduction, 667 

Diene synthesis, see Diels-Aldcr reaction 
Dienoid systems, 1,2-, 1911-1914 

1.3- , 1914-1919 
Diethylstilbestro!, 1481-1485 
Digigenin, 1447 

Digitalis sapogenins, 1454-1468 
C 3 —OH group, 1460-1461 
C 17 side chain, 1461-1464 
princi|M\l members, 1458 
ring nucleus, 1456-1460 
Digitalis saponins, 1456-1457 
Digit ogenin, 1466-1467 
Digitoic acid, 1466-1467 
Digitonides, insoluble, 1374, 1376, 1444, 
1455, 1460, 1467, 14S0, 1496, 
1506, 1515, 1516 

Digitonin, 1374, 1455, 1456-1457 
7-Digitoxanol diacid, 1432, 1443, 1446 
Digit oxigenin, 1432, 1443 
Digitoxin, 1340, 1453 
Digoxigenin, 1444 
Digoxin, 1453 


9.10- Dihydroanthracene, 164 

1.2- Dihydrobenzene, thermochemistry, 

119 

Dihydrocholesterol, dicarboxylic acids 
from, 1370 

formation, 1349, 1373 
glucoside formation, 1375 
Dihydrodietbylstilbestrol, 1484 footnote, 
1485 

17-Dihydroequilenins, 1478, 1479 
17-Dihydroequilin, 1479 
22-Dihydroergosterol, 1406 
Dihydrofollicular hormone, see a-Estra- 
diol and 0-Estradiol 
Dihydrogitoxigenin, 1439 
mutarotation, 1445 
Dihydroglucal, 1633 
Dihydronaphthalenes, 156-158 

9.10- Dihydrophcnanthrene, 161 
Dihydroporphyrin nucleus in chloro¬ 
phyll, 1306-1308 

Dihydrostrophanthidin, 1437 

reaction with hydrogen cyanide, 1440 
Dihydrotachysterol, 1406 
Di hydroxy acetone, conversion to glycer- 
aldehyde, 1641 

2.6- Dihydroxyanthracene, bromination, 

166 

Dihydroxycholenic acid, 1417 
7,4'-Dihydroxyisoflavone, 1338 

2.3- Dihydroxynnphthalene, behavior on 

oxidation, 155 

2.6- Dihydroxynaphthalene, 154 

2.7- Dihydroxynaphthalene, 154 
Dihydroxyphcnylalanine, 1128 
Dihydroxysapogenins, 1465-1466 
4,4'-Dihydroxystilbene, 1484 
Diiodotyrosine, 1129 
7,12-Dikctocholanic acid, 1371 
Diketones, cycloalkanediones, 78-79 

1.2- , 671 

cleavage by hydrogen peroxide, 671 

1.3- , cleavage competitions, 1070-1071 

1.4- , unsaturated, 693-696 
0-, enolization, 1040-1041 

Diketonucidine, 1242 
Diketopiperazines, 1114, 1120 
Dilution effect, Ruggli, 707, 710 
Dimerization, free radicals, 597 
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Dimerizing addition, metals to olefins, 
527, 546 

organometallic compounds to olefins. 

537 

2.4- Dimethyl-3,5-dicarbethoxypyrrole, 

1264 

2.4- Dimethyl-3,5-diet hylpyrrole, 1265 
Dimethylglycine, 1115 
Dimethylnaphthnlcne, 1408 

2 .4- Dimethylpyrrole, 1264, 1265 
Dioscin, 1456, 1457 
Diosc, structure, 1583-1584 
Diosgcnin, 14G4, 1465 

Diphenoquinones, cis-trans isomerism, 

440-447 

9,10-Diphcnylanthraccnc, biradical, 604 
1,4-Diphenylbutadicne, 142, 143, 157 

Diphcnylchlorometbanes, rales of reac¬ 
tion with alcohols, 1055-1057 
a.a-Diphenylethylonc, 175, 177, 179 
a.fl-Diphcnylethylene, 143 
Diphcnylhexutriene, 143 
Diphenyliodonium salts, 1840 
Diphcnylkctcne, addition to lienznlnce- 
tophcnone, 677 

os rearrangement intermediate, 9/4, 
080 

reaction with Grignard reagent. o!4- 
515, 601 

Diphenyloctatct ruene, 143 
Diphcnylpolycnes, 143 
Diphcnylt hiocarbanilide, 042 
Dipolur ions, amino acids, 1088-1090 
Dipole moments, 1752-1701 
alkyl fluorides, 952 
aromatic compounds, 139, 200 
calculation from rate data, 1030 
ciii-tranx isomers, 451 
factors for calculation, 1755 
oxime derivatives, 471 
relation to boiling point, 1736 
relation to structure, 1767-1700 
])ipyrryll>cnzcnes. optical isomerism, M / 
Dipy rrylmcthei.es, 1207-1270 
Directive influence, of |s4yfli"»r" «- 
group, 900 

of substituent groups, 202 212, \J7o- 
1979 

Disaccharidcs, st met ure, 1592-1003 
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Disaceharides, table of common, 1593 
Dispersion, abnormal, 292 
normal, 292 
of alkyl fluorides, 952 
rotatory. 288. 292-293 
Displacements, electromeric, 1842 
inductive, 1842 
Disproportionation, 1924 
free radicals, 498, 597 
organometallic compounds, 568. 572- 
576 

Dissociation, Grignard reagents, 517-518 
of carbon-carbon bond, 974 
to free radicals, energy of activation, 

592-593, 617 
hexaarylethancs, 587-595 
theories, 593-595 
Disulfides, organic, 861-863 

generxd characteristics, 861 
preparation, by alkylation of sodium 
dlsulf.de, 862 

from alkyl halides and sodium 
thiosulfate, 862 

from mcrcaptiuw and thiophenols, 
801 

reactions, 862-863 

with halogens, 862-863 
with strong alkali, 863 
reduction, 843 
thiolsulfonatcH from, 907 
Disulfonos, 883-88*1 
Disulfoxidcs, 905, 912 

Disulfoxide structure of thiolsulfon.e 

esters, 912 

Dithio acids, preparation, 931-932 
DitliHiearbarnatcH, 938, 939-940 
Dithio esters, preparation, 932 
I >ivi.»ylacetylcnc, 058 

Diviiiylbcnzcnc, effect on styrene poly¬ 
mers, 748-750 
4 .5-Divinylcatcchol, 155 
Divinyl ether polymer, 750 
Djcnkolic arid, 1135 
Donaxine, 1228 

Double bonds, cumulative, 662 665 

twinned, 002-005 
Dreft, 880 
Drone, 886 
Duprcnc, 760 
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Dyad systems, 1936-1937 
Dyes, color of, 1981-1983 
fluorine-containing, 963 

E 

Ecgonine, 1199, 1201, 1253 
Effective nuclear charge, 1824 
Electrolysis, organometallic compounds, 
568 

Electromeric displacements, 1842 
Electromeric effects, 1845-1847 
resonance, 1977 

Electromeric polarizabilities, 1847 
Electron affinity of free radicals, 609 
Electron diffraction, 1760—1774 
Electron displacements, 1840-1850 
Electronegativity, Pauling scale, 1854, 
1855 

series of radicals, 1072 
Electronic characteristics of typical 
bonds, 1883-1907 

Electronic concept, of rearrangements, 
1004-1027 

of valence, 1822-1941 
Electronic configurations, atoms, 1824- 
1825 

inert gases, 1825 
organic molecules, 1832-1839 
Electronic formulas, derivation, 1832- 
1834 

Electronic structures, atoms, 1944-1948 
Electronic symbols, 1834 
Electronic theory of aromatic substitu¬ 
tion, 205 

Electrophiles, 1859 

Electrophilic substituting agents, 1029, 
1031 

Electrostatic bond, 1948-1949 
Emdc degradation, 1173-1174 
Emulsion polymerization, 742 
Enantiomorphs, intercon version, 264- 
281 

properties, 227 
separation, 254-264 

Endoanthraccne maleic anhydride, 165 
Endocvclic bridges, 111 
Endocthylcnic bridges, 6S6 
Enediols* 671, 15S1 


Energy, of activation, free radicals, 
592-593,617 

of dissociation, free radicals, 592-593 
Energy chain mechanism of polymeriza¬ 
tion, 773 

Enolic structure, sugars, 1584-1585 
Enolization, alkaline rearrangements of 
sugars, 1641-1646 
equilibria in, 1040-1041 
Entemann-Johnson series, relative reac¬ 
tivities of functional groups, 501, 
504, 548 

Entropy of organic compounds, 1795- 
1798 

Enynes, 667-670 

Enzymes, free radical concept, 630 
Ephedra bases, 1176-1178 
Ephcdrine, 1176-1178 
Epiallocholestcrol, 1394 
Epichitosamine, 1613 
fpicholcsterol, 1393 
Epfcoprostanol, 1392 
Epicoprosterol, etiocholanolones from, 
1502 

from cholesterol, 1350 
from coprostanone, 1373 
oxidative degradation to lithocholic 
acid, 1414 

Epidihydrocholestcrol, 1373 
formation from cholesterol, 1349-1350 
formation through Walden rearrange¬ 
ment, 1375 

glucoside formation, 1375 
oxidation, 1502 
Epimcrization, 247 
steroids, 1373-1374 
sugar acids, 1640 
Epiraers, definition, 1536 
synthesis, 1539-1540 
Epineoergosterol, molecular rotation, 
1378-1379 
Epoxides, 634-635 
from a,0-unsaturated ketones, 676 
Equilenin, 1478 

total synthesis, 1475-1476, 1477 
Equilibria, enolization, 1040-1041 
esterification and alcoholysis, 1044- 
1046 

formation of acetals, 1046-1048 


Volume I, pages 1-1077 ; Volume n, pages 1079-1983. 



INDEX 


XXXI 


Equilibria, formation of semicarbazones, 
1040-1052 

Grignard reagents, 407, 503, 512. ol 1, 
517-518 

hydrogen cyanide with aldehydes and 
ketones, 1035-1038 
metathctical reactions, 1807-1808 
organomctnllic compounds, 407. 503, 
512, 514, 517-518, 545, 547, 551, 
572, 573 

redistribution reaction, 1807 
three-carbon tnutomcrism, 1041-1044 
Equilibrium constants, redistribution 

reaction, 1815-1818 

reliability, 1000-1002 

Equilibrium tnixt urea, random. . 800,1 si.» 

Equilin, 1478-1479 

Kquistanols, 1390 

Erginc, 1244 

Ergobasinc, 1243 

Ergnclnvine, 1244 

Ergocristinc, 1243 

Erg orristi nine, 1243-124 1 

Ergome trine, 1243 

Ergometrininc, 1243, 1215 

Ergonovinc, 1243, 1245 

Ergosinc, 1243, 1245 

Ergosininc, 1243, 1245 

Ergcwtadienetriol, 1 102 

Ergpstnne, 14(H) 

Ergostanet riol, 1 102 
Ergostanol, 1302 
Ergostcrol, 1309 1403 

irradiation pnalurtH, 140.3 
isomerization, 1403 
occurrence, 1300 
ozonization, 1384 
structure pro*if, 1309-1402 
Ergostctrine, 1243 
Ergot, 1243 

Ergot ulkuloids, 1243 1218 
Ergotamine, 1243. 1211 
Ergot aminine, 1243, 1244 
Ergot hioncinc, 1157 
Ergotininc, 1243, 1214 
Ergot ocin, 1243 
Ergot oxinc, 1243 

Erlcnrneycr synthesis. pl»' "> •* 
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Eschweiler reaction, hygrine, 1189 
Estre bean alkaloids, 1230-1234 
Eserctholc, 1231 
Eserine, 1230-1234 
Eseroline, 1231 

Esterification, alcohols by hydrogen 
fluoride, 947 

equilibria and rates, 1014-1040 
mechanism, 1046 
Esters, doubly unsaturated, 697 
hydrogenous. 824-825. 827-831 
inorganic, reaction with Grignard 
reagent, 508-510 

of sugars, 1606-1612 

reaction with Grignard reagent. 5**1. 
502-504. 508-510 

redistribution, 1800 1810 
laulouieriMn of unsaturated. HUI- 

1042 

ojf-uiisaluntied. 681 6K5 
n-lv't radml. 1168. 1460. I ISO. 150S 
0-Kstradiol, 1480 
Eslr.me, 1471 
Kstrin. mc Estrone 

Kstriol. 1471 H75 

Estrogenic eolii|Hiunds, sytHlictie. 

1185 

E'lnigeiiic lionimnes, 1460 1 1s7 
assay. I 169 
color react ions. 1 1‘ 1 _ 

.-..iitont "f mines, I 170 
from androgi-ns. 1508 
isolation. 1 170 M7I 
occurrence, 1469 I 170 
physiological relationships, I486 I is, 
principal mci.il.crs. 1 172^ 

.structure proof. I 173 I *• s 

1171 UTS. 

from dchydroiiciiergosteiol, I l.'» 

i;tlien*, l.yiitogcnolyMs 822 

.Mitically act,vc. Marrang. incn . • M 
pl.cn.J«c. rcarningcii.eni.90/. H».3 
17-Etliinylaiidiosicn/iliol. I.**ih 

l 7 .|.tl.inyl">io.t. rone. 1 107 

Elllioiiic acid. ‘-HII 

isolation, in nit nit ion, 640 

17 -Ethylaiidrostcncdiol. I50S 

Kiliyl « . 

. Ethvh nc. polymcn/atioi., . 
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Ethylene disulfones, cleavage by potas¬ 
sium cyanide, 916 

Ethylene oxides, intermediates in rear¬ 
rangements, 972 
rearrangement, 1017-1018 
Ethylene oxide sugar ring, 1581 
Ethylene succinate polyester, 716 
Ethylene sulfide polymers, 771 
Ethylenic double bond, 633-643; sec also 
Alkenes and Olefins 
conjugation with nitrile, 687 
conjugation with nitro group, 687 
oxidation, 634-637 
reduction, 634 
relative reactivity, 683 
Ethylisopropylacetaldehyde, 1384, 1396 
Ethyl p-nitrocinnamate, 176 
Ethyl pyrroporphynn, 1290-1291 
0-Ethylquinuclidine, 1204 
Ethyl radical, 613-615 
o-Ethyltoluene, 118 
Etioa/Zobilianic acid, 1459 
Etioa//ocholnne, 1499 
Etioo//ochoIanic acid, 1432 
Et ioa//ocholanoloncs, 1502 
Etiobilianic acid, 1361 

formation from sarsasapogenin, 1459- 
1460 

selenium dehydrogenation, 1474 
Etiocholane, 1499 
Etiocholanic acid, 1361, 1433 
Etiocholanonc, 1361 
Etiocholyl methyl ketone, 1360-1361 
0-Eucaine, 1202 
Exaltone, 105 

Exhaustive mcthylation, 1172-1173 
Expansion of valence shell of sulfur, 885 

F 

Fatty acids, direct fluorination, 946 
Fenton degradation of sugars, 1541 
Fermentation, alcoholic, 1654-1660 
butyl alcohol and acetone, 1661-1662 
butyric acid, 1661 
by Acetobafier suborydans, 1662 
by .1 cclobaclcr xylinum, 1662 
citric acid, 1662 
of cellulose, 1700-1701 


Fermentation, of sugars, 1654-1662 
propionic acid, 1662 
xylose, 1662 

Ferric chloride, structure, 1876 
Fiber formation from linear polyesters, 
712 

Fischer chlorophyll degradation, 1299 
Fischer-Tropsch synthesis of hydrocar¬ 
bons, 791 
Flavanone, 1336 
Flavianic acid, 1143 
Flavone, 1332 
Flavones, 1331-1339 
as dyes, 1331 
degradation, 1334-1335 
natural occurrence, 1331 
properties, 1332-1334 
representative pigments, 1333-1334 
structure, 1331-1332 
synthesis, 1335-1338 
Flavonol, 1332 
Flavyliura chloride, 1317 
Flavylium salts, 1317 
Fluorides, aliphatic, 944-964 
analysis, 964 
applications, 962 
aromatic, 950 
atomic distances in, 962 
boiling points, 953 
density, 951 
dielectric constant, 952 
dipole moment, 952 
freezing points, 955 
history, 945 
parachor, 952 

physiological properties, 956, 959, 962 
preparation, 945-951 
refraction aud dispersion, 952 
thermodynamic properties, 953 
viscosity, 951 

Fluorinating agents, 948-949 
Fluorination, 946-951 

by addition of hydrogen fluoride, 947 
by decomposition of a quaternary 
ammonium fluoride, 950 
by esterification of an alcohol, 947 
by substitution methods, 948 
direct, 946 


in the benzene ring, 950 
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Fluoroform, 049, 060, 061 

Follicular hormone, sec Estrone 
Follicular hormone hydrate, .see Estriol 
Follicusteronc, 1478 

Formaldehyde, polymerization, 767 _ 

Formaldehyde-melamine polymers. 730- 
731 

Formaldehyde-urea polymers, • 27-/3 
Formyl group in chlorophyll, 1300 -1311 
Free energy, factors, 1707 
of hydrogenation, 1802 
Free radicals, 581-630; see ahocnlrus oj 
specific radicals 

addition to unsaturuted com|x>unds, 

599 

alkyl, 613-015, 1031 
amphoteric nature, 601 

abreaction intermediates, 385, 621-«i30 
eolor, 584, 586, 587 
detection, 561 
d is pro port ionat ion, 408 
effect of unsat unit ion, 504, 610 

electrolysis, 601 

electron affinity, 009 
electronic structure, 585 
electronic theory, 1928-1031 
energy of activation, 592 593. «»1 
energy of dissociation. 592 M. ,il7 

formation, in reaction of .n^d 

reagent ami organic halah*. ■*« < 
in Wurtz-Fittig reaction. oiJ •» - 
history, 582 
identification, 490 

in (Jomla rg-Hachmann read ion. * • 
in Grignard reaction. 624 
initiation of polymerization hy. " 
in oxidation and reluct ion, •»• • • 
in photochemical rcadi-ns <»-»• 

in rearrangements, 973-988 

in thermal dccoii.|H*ition-. «•- ' 
in Wurtz-Fittig reaction, 622 »- 
mechanism of |s roxidecatalysis. *• 
optical activity, 383 38H 
optical isomerism, 587 

organoinetallic tyjs-s. 
oxidation, mechanism. 62/ *- 

Panct li technique, 613 61 1 
quinoid structure, 586-587 


Free radicals, reaction with metallic mir¬ 
rors, 544 

resonance. 586. 587. 1070-1981 
theories of format ion by dissociation. 
593-505 
Free rotation, principle, 228 
Free valences, in rearrangements, 076 
Freezing points, of alkyl fluorides, 9oo- 
956 

Freon, 945. 040, 050. 061, 963 

Fresnel s rhomb, 287 
Freund reaction, cychzation bv. 7-wo 
Friedel-Crafta reaction. 179-185, 611 
fluorides in, 963 
mechanism, 553-554 
preparation of sulfuric acids, 91o 
preparation of sulfoncs, 875^ 
preparation of sulfoxides, Sr 1 
preparation of thioamidcs, 934 
production of polymers by.,738 
Fricdlandcr condensation, 12.»1 

Fries rearrangement. 998 

offer! of chelation in, 1879 
sulfonates, 898 

Fries rule, 156, 166,166 
d-Fruct of uraiiose, 1602 
Fructose, tautomeric forms. l.»S6 

, 1 S88 „ 70 

h fo-Fructos** iK-ntaacdatc, lo73 
Fucosterol, 1398 
Fulvcncs. preparation. 112 
••undiomd groups, eonla.mng 
relative rcadiviiy. 501, 504. .*18, oo.i 
Fungisterol, 1399 

I uraii'*hcxo'id«*s, 1626 

Fun... ring structure, establishment, 

1556 1563 

rurtoiiic aciils, 1653 1654 
, u ^l ring systems, cisdrans isomers in. 

238 . 484—186 
rlassiftcal ion, 328 
optical isomerism, 328-336 

<; 

Cahu-onchcptaacctate. 1577 
(■nhu'toM* |S*.U:uicct.ilcs, !•»•*•». 1<,R2 

Clalacluroiiic acid, 1590 1591 
Gulipine. 1208 120*3 
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Galipoidine, 1208 
Galipoline, 1209 
Gallium compounds, 555, 556 
Gamabufagin, 1452 
Gasoline, sweetening of, 852 
Gencserine, 1234 

Gentiobiose, synthesis, 1602-1603 
Geometrical isomers, rearrangement, 984 
Geometric isomerism, 444-487 
Germanium compounds, 557-558 
optical isomerism, 425 
Girard’s reagent T, 1470, 1511 
Gitogenic acid, 1465, 1467 
Gitogenin, 1459, 1465 
Gitonin, 1456 
Gitoxigenin, 1444-1446 
Glaucine, 1256-1257 
Globin, 1260, 1289 
<w/-Glucopyranose, 1556 
Glucose, from cellulose, 1698 
Haworth formula, 1556 
tautomeric forms, 1585 
rf-Glucose, structure development, 1533- 
1535 

synthesis from elements, 1537 
Glucose mercaptal, 1579 
Glucose oxime, 1540, 15S0 
fl/'/r/<y</rw/-Glucose pcntancetate, 1575 
Glucose phcnvlhydrazonc, 1536, 1579 
(ilucose-3-phoephate, 1607 
Glucosidc formation, steroids, 1375 
Glucuronic acid, 1587, 1590 
from oxycellulose, 1693 
Glutamic acid, 1115-1118 
Glutamine, 1116-1118 
Glycals, 1G2S-I631 
isomerization, 1630-1631 
oxidation by perbenzoic acid, 162S- 
1629 

( lyccraldchyde, 1583-158-1 
conversion to dihydroxyacctonc, 16-11 
resolution, 15-14 

Glycerol, esterification by phthalic an¬ 
hydride, 703, 719 

Glycine and derivatives, 1109-1115 
C dycocyamidine, 1111 , 1114 
(ilycocyamine, 11 10-1111 
Glycolaldehyde, 15S3-15S4 
Glycolcellulose, 1690 


Glycols, optically active, rearrangement, 
1015 

rearrangement, 968-972, 976; see also 
Pinacol rearrangement 
Glycol-splitting reagents in sugar stud¬ 
ies, 1568-1569 
o-Glycosans, 1618-1621 
Glycose, definition, 1551 
Glycoseens, 1623-1628 
Glycosides, 1551, 1572-1575; see also 
Cardiac glycosides 
Glycuronic acids, 1587, 1590-1592 
Glyoxal polymer, 770 
Gnoscopine, 1221 
Gold compounds, 542-544 
Gombcrg-Bachmann binary system, 
MgXj + Mg, 503, 518; see also 
Magnesious halides 

Gombcrg-Bachmann reaction, mechan¬ 
ism, 629 
Gramine, 1228 
Granataninc, 1182 

Grignard reaction, abnormal, 1003, 1879- 
1882 

cyclization by, 93 
mechanism, 625 
rearrangements, 516-517 
Grignard reagents, 495-520; see also 
Mechanism of reactions 
abnormal reactions, 1003, 1879-1882 
1,4-addition to aromatic compounds, 
145 

addition to azomethines, 659 
addition to benzanthrone, 172 
addition tocinnamalacetophenone, 696 
addition to conjugated systems, 506- 
507 

addition to a-cyanocinnamic ester, 691 
addition to doubly unsaturated esters, 
699 

1,6-addition to fuchsonc analogs, 696- 
697 

1,4-addition to pontadicneones, 689 
addition to a.fS-unsnturatcd aldehydes 
and ketones, 672-675 
addition to unsaturated 1,4-diketones, 
695-696 

addition to unsaturated nitro com¬ 


pounds, 688 
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Grignard reagents, addition toa.tf-unsat- 
uruted systems, electronic theory, 
1920 

analysis, 490-497 

bifunctional, polymeric alcohols from. 

737 

carbonatioii, 505-500 
characterization by isocyanates, 505 
cleavage by active hydrogen com¬ 
pounds, 499-500 
cleavage by halogens, 500 
cleavage by hydrogen, 498-499 
competitive reactions with functional 
groups, 501, 518-519, 553 
coupling by iron halides, 507 
coupling reactions, 508-509 
dissociation, 517-518 
electronic theory, 1885 
equilibria, 197, 503, 512, 514, 517-518 
forced reaction, 074 
formation of free radicals in reactions. 
509 

ionization, 510-517 
mechanism of reactions, 1807 
oxidation, 507-508 
preparation from triarylmethyls, 599 
preparation of sulfinic acids, 915-910 
preparation of sulfoxides, 871 
reactions, with carbon dioxide, fit 15- 
500 

with carbon disulfnlc, 505, 931 
with carbon oxysullidc, 931 
with carbonyl coii»|**uii«ls, 010 047 
with chlorolhioiicurInmates, 933 
with esters, 500, 502 604. 508 610 
with inorganic inters, 508 510 
with inorganic halides, 610 
with inorganic Milts, 510 

with isucyniintcs. 505, 1914 

with isothi*s*yaiiates, 505, 934, 913 

with keU-nes, 505.611-516.001, 1914 

with metals, 610 

with nitriles, 501, 001 
with nitrols-nxiMie, 501 505 
with intro group, 501 605 

with nitroHolHMizcnc, 60» 
with nitrosyl group, 501 
with iioii-terininal cumulated un- 
nuturutioii, 505 
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Grignard reagents, reactions, with oxy¬ 
gen. 507-508 
with selenium, 503 
with sulfonates, 895-S98 
with sulfones, 881 
with sulfonyl halides, 899-900 
with sulfur, 507-508 
with sulfur dioxide, 505 
with tellurium, 508 
with terminal cumulated unsatura- 

tion, 505 

with thiolsulfonates, 909 
with thionylamines, 505 
with unsaturated sulfones, 884 SS5 
rearrangements, 1003, 1009-1011 
reduction by, 502, 514, 014, 040 04 1 
ring contraction, of alicyolic oxides. 

512-514 

of chlorohydrins, 513 
use in chlorophyll synthesis, 1313 
Guunidino-acetic acid, lilt) 

Guarcschi’s imidc, 84 
Guvacine, 1180 
Guvacoline, 1180 


II 


Halides, aliphatic, .. 1810 

reaction «»f inorganic with Grignard 
reagent, 610 

I laloacylanilides, rearrangement. 991 

llalochroiiiisin, 071 

Halogen acids, addition to dienes and 
enynes, 009-070 

addition toethylenic linkage, 038 039 
Halogen amides, rearrangement. 977 
llulogeiiatioii, alkanes, 32. 34 30 
alkcncs, 40, 43 
ulkynes, 40 

aromatic compounds, 179-185 
catalytic, 34, 40 
iiiecliniiisin, 33-39, 41, 40 
naplit hols, 151-152 
photo-, 35-30, 43, 40 
sulfoimmidcs, '.MU 902 
thermal, 32 

Halogen compounds, catalytic reduction 
808-809 

hydrogcnolysis, tabic of, 80S 
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Halogen-metal interconversion reactions, 
638-539 

Halogens, addition to alkadienes, 44 
addition to alkenes, 38, 43 
addition to conjugated systems, 1001 
addition to dienes, 669 
addition to ethylenic linkage, 637-638 
addition to unsaturated 1,4-diketones, 
695 

reaction with organic sulfides, 858 
Hammarsten reaction, 1418 
Harmala alkaloids, 1228-1230 
Harm aline, 1228, 1230 
Harmalol, 1228 
Harman, 1229 
Harmine, 1228, 1230 
Harminic acid, 1228 
Haworth cellobiose formula, 1697, 1712 
Haworth glucose formula, 1556 
Pleat, of activation, hexaarylethanes, 593 
of combustion, calculation, 1798-1799 
constants for calculation, 1799 
of dissociation, hexaarylethanes, 592- 
593 

of formation of unsaturated hydro¬ 
carbons, 1797-1798 
of hydrogenation, 1039-1040 
benzene, 1918 
dienes, 1918 

hydrocarbons, 1801-1802 
olefins, 1918 
of reaction, 1790 

of vaporization, relation to entropy, 
1795-1796 

Hell-Volhard-Zelinsky reaction, sulfonyl 
chioi ides, 900 
Hcmntinic acid, 1262, 1200 
Hematoporphyrin, 1280, 1283 
Heme, 1200 

Hemincetals from aldehydes, 053 
Hemin, chromic acid oxidation, 1202 
cleavage by hydrogen iodide, 1263 
degradation, 1201-1203 
products of acidic cleavage, 1200 
products of basic cleavage, 1264-1206 
pyrolysis, 12 S 0 
relation to chlorophyll, 1314 
structural formula, 1261, 1284 
structure, 1284-1286 


Hemin, synthesis, 1279-1284 
Hemipinic acid, 1212, 1215 
Hemlock alkaloids, 1178-1180 
Hemoglobin, 1260, 1289 
relation to organometallic compounds 
578 

Hemopyrrole, 1263, 1265 
Hemopyrrole-carboxylic acid, 1263 
Heparin, 1609 

Hcptanose ring structure, 1582-1583 
Heroin, 1222 

Hesperidin, 1336 footnote 
Heterocyclic compounds, cis-trans isom¬ 
erism, 483-484 
resonance, 1974-1975 
structures of aromatic, 127 
Hetero-enoid systems, 1909-1910 
Heteropolymer, definition, 705 
example, 757 

Hexaarylethanes, degree of dissociation, 
587-593 

effect of alkyl groups, 591 
effect of electronegativities of groups, 
593 

effect of resonance, 594 
effect of solvent, 589 
effect of steric hindrance, 593, 594 
effect of substituents, 590 
effect of temperature, 589 
methods, 588-589 

Hexaaryltetrazanes, dissociation, 617- 
618 

Hexachloroethane, reaction with anti¬ 
mony fluoride, 949 

Hexamethylbenzene, x-ray analysis, 123 
Plexamethylenetetramine, reaction with 
hydrogen sulfide, 925 
Hexaphenylcthane, dissociation, 584 
heat of dissociation, 592 
Hexene, properties, effect of chain 
branching, 1724 
Hexestrol, 1485 
Hexuronic acid, 1633-1634 
High-dilution principle of Ruggli, 707, 
710 

Hinsberg test, S98-S99, 900-901 
Hippulin, 1478 
Hippuric acid, 1110 
condensation with benzaldehyde, 1107 
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Hirsutidin, 1318-1319 
Histamine, 1150 
Histidine, 1151-1158 
Hofmann degradation, 1172-1173 
Hofmann rearrangement, 977-980, 9S9, 
1004, 1008, 1013, 1014. 1022 
Ilomatropine, 1195 
Homocaronic acid, synthesis, 95 
Ilomocystine, 1137-1138 
Homohygrinic acid, 1189 
llomoisopilopic acid, 1249 
Homostcroids, 1520-1528 
Hordcnine, 1210 

Hormones, see uwler individual (lasses 
Hudson lactone rule, 1552-15511 
Hudson rule, for designating a,0-i*omcrs. 

1550 

of isorotation, 1551-1552 
Hy-car synthetic rublxr, 700 
Hydantoic acids, 1095 
Hydantoins, 1094, 1100. 1108, 1114 
Hydramine fission, 1205 
Hydrustnl, 1213 
Hydrastic acid, 1213 
Hydrast ine, 1211 

Hydroslinine, 1211-1214 

Hydrastis alkaloids, 1211-1210 

Hydration, alkcncs, 01 

Hydruzido rule of U-vcnc and Hudson. 

1553 

Hydrazine, addition to unsaturated 
aldehydes and ketones, 07K 
Ilydrazoben/.eiie, rearrangement. 970 

Hydrazocompounds, catalytic reduction. 

814 

Hydrazones, catalytic reduction, 812 
table of, 813 
formation, 052 

reactions, 000 

Hydrides, metallic, 492, 521, 577 

organotnetallic, 658 
Hydrindcnes, ring enlargement, 1353 
u-Hydrindonc, l it) 

Hydroaromatic coin|Hiunds, 00 
Hydrohcnzoili, rearrangement. 970. 


Hydrocarbons, aromatic, coupling, 199 
from sulfonic acids, 892 
structure and reactions, 117-213 
direct fluorination, 94G 
polymeric, 736-737 
Hydrocellulosc, 1094—1696 
Hydrochloric acid number, chlorophyll 
derivatives, 1295 
Hydrocinchonidine, 1207 
Hydrocinchonine, 1207 
Hydrocot ornine, 1213, 1220 
Hydrofluoric acid in diazotizations, 950 
Hydrogen, acidic, 533-538 
active, 533-538 
addition, see Reduction 
1,0-addition, 093, 097 
2-covalent. chelation, 1869 
examples, 1830-1831 
elect roafli nit y, 1830-1831 
Hydrogenation, see Reduction 
apparatus, 781-782 
aromatic compounds, 73-74 
catalysts for, 783-789 
catalytic, 034, 779-834. 1400 footnote 
1483 

definition. 780 
heat of. 1039 1010 
methods, 780-783 
role of catalyst in, 790-797 
with sodium and ethanol, 1400 foot¬ 
note 

llydrt»gen Isind, 1830 

detection by electron diffraction, 1770 
in amine hydrates, 1830 

Hydrogen chloride, addition to qui- 
noiics, 091-092 

Hydrogen cyanide, addition to nzomet h- 
incM. 059 

addition to carbonyl compounds, 040 
addition to «|iiinoncs, 092 
addition to unsatunited aldehydes and 
ketones, 678 

addition to uiisutunited esters, 082 
rate of reaction with aldehydes and 
ketones, 1030 1038 

Hydrogen fluoride, addition reactions, 
947-948 

Hydrogen halides, addition to alkcncs 
39 43 


970 

ydrol»erbcrinc, 1215 
ydrocarbons, nlicyclic, 05-110 
aliphatic, reactions, 1-04 
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Hydrogen halides, addition to alkynes, 47 
Hydrogen iodide, cleavage of hemin, 1263 
degradation of chlorophyll, 1299-1301 
Hydrogenolysis, 820-833 
acetals, 822-823 
acid anhydrides, 823 
alcohols, 820-821 
amides to amines, 831-833 
carbon-carbon linkages, 825-827 
definition, 780 
esters, 824-825, 827-831 
ethers, 822 

halogen compounds, 808-809 
imides, 824 
lactones, 824-825 
organometallic compounds, 833 
oximes, 811 

Hydrogen peroxide, action on unsat¬ 
urated carbonyl compounds, G70 
Hydrogen sulfide, addition to ethylenic 
linkage, 641 

addition to olefins, 842-843 
catalytic alkylation, 842 
reaction with aldehydes and ketones, 
924-925 

Hydrohydrastinine, 1212 
Hydrolysis, cellulose, 1668, 1094 
lactones, rate studies, 1565-1567 
sulfenyl halides, 921-922 
sulfonumides, 900-901 
thioesters, 843 
Hydroquinidine, 1206, 1207 
Hydroquinine, 1206, 1207 
Hydroxamic acids, rearrangement, 977, 
980 

o-Hydroxy acetophenones, chelation, 140 
Hydroxy acids, polyesters from, 707-714 
3(d)-Hvdroxy<j//ocholanic acid, 13S5 
17(a)-Hydroxyandrostane, 1515 
3-Hydroxycholanic acid, see Litbocholic 
acid 

3-IIydroxychoIenic acid, 1424 
9- Hydroxy codeine, 1224 
Hydroxyethylcellulose, 1690 
3-Hydroxyflavone, 1332 
Hydroxyglutamic acid, 1124-1125 
5-Hydroxyhydrindene, 137 
Hydroxylamine, addition to unsaturated 
aldehydes and ketones, 678 


Hydroxyl amines, rearrangements, 978 
Hydroxylation, steroids with osmium 
tetroxide, 1479, 1517, 1522 
Hydroxylation theory, 56, 60 
Hydroxyl group, increase in acid strength 
in fluorides, 961 
Hydroxylysine, 1141 
5-Hydroxy-6-methylhydrindene, 138 
17 (/J)-Hydroxyprogesterone, 1523-1524, 
1525 

Hydroxyproline, 1125-1126 
3-Hydroxypyrene, 173 
17-Hydroxysteroids, 1377 
7-Hydroxysterols, 1386 
Hygric acid, methyl ester, 1120 
Hygrine, 1188-1189, 1256 
Hygrine alkaloids, 1188-1190 
Hygrinic acid, 1188-1189 
Hyodesoxycholic acid, a-, 1346, 1350, 
1414, 1415 

chromic acid oxidation, 1420 
0-, 1414, 1415 
Hyoscine, 1197 
Hyoscy amine, 1194 
Hypaphorine, 1164, 1227 
Hypobromous acid, addition to ethylenic 
linkage, 640 

Hypochlorous acid, addition to ethylenic 
linkage, 640 

addition to unsaturated acids, 6S3-6S4 
Hypohalites, reaction with carbonyl 
compounds, 654-655 
Hypohalogeu acids, addition to ethylenic 
linkage, 640 

I 

Imides, hydrogenolysis, 824 
Indene polymer, 756 
Indican, 1161-1162 
Indium compounds, 555 
Indole, 1161 

Indole derivatives, rearrangement, 974 
Indoxyl, 1161 

Induced displacements, 1842 
Inductive effects, 1842-1845 
in benzene ring, 1029 
Inductomeric polarizability, 1849-1850 


Inert gases, electronic configuration, 1825 
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Infra-red absorption spectra, 1778-1783 
detection of chelation by, 1778-1783, 
1869 

Inhibition of polymerization, 773 
Inositol, optical isomerism, 336-337 
Interatomic distances, 1767, 1771 
I ntcrconversion, of organometallic com¬ 
pounds, 555, 563, 572-576 
of syn- and an/t-oximes, 472 
Interfaeial tension, 1740 
Internal pressure, 1738 
Inulin as polyacetal, 734 
Iodine, 2-covalcnt, 1840 
3-covulent, 1840 

Iodine monobromide, addition to ethyl- 
cnic linkage, 638 

Iodine inonochloride, addition to etbyl- 
cnic linkage, 638 
Iodomagnc*ium pinncolates, 613 
Ion-dipole bond, 1949 
Ionic bond, 1825-1827. 1834-1837, 1949 

Ionic mechanism of polymerization, 770 

Ionic reactions, 1864-1865 

Ionization of organometallic compounds, 

516, 517, 575 

Ionization potentials of metallic atoms, 
532 

and relative reactivities of organ- 
omctallic compounds, 532-533 
Ions, crystal radii, 1888 

in rcarrangeinents, 908-1004 
Iron compounds, 560-567 
Iron-porphyrin coin|ilcxes, 1260 
Isat ropylcocaine, 1202 

Iscthionic arid, 904 
Isoof/opregnanoloiie, 149.3 
Isoamylanilino hydrohromide, rearrange¬ 
ment, 996 

Isoandrostcrone, 150-1, 1506, 1517 
Isobornyl chloride, from camphene hy¬ 
drochloride, 991 
Isohufocholanic acid, 1451 
Isobutylene, |>olymcrizatioii, 743 
Isocellohiosc, 1698 
I sococurn i nc, 1202 
Isocodeinc, 1222, 1223 
Im<cyanat€?s, 665 
addition to, 6*15 
mcsorneric efTeets in, 1913 


Isocyanates, reaction with Grignard re¬ 
agent, 505, 1914 

Isocyanides, electronic theory of addition 
to. 1907-1908 

Isodehydrocholesterol, 1386 
Isodesoxycorticosterone. 1524 
Isodihydroxycholenic acid, 1417 
Isodurene, 199 

Isoelectric point of amino acids, 1087 

Isoequilenin, 1476 

Isoequilin, 1479 

Isoestrudiol, 1479 

Isoflavones, 1338-1339 

Isoglucal, 1630 

Isoglutamine, 1117 

Isohexyl methyl ketone from dihydro¬ 
cholesterol, 1384 
Isolithobilianic acid, 1361, 1362 
thcrrnul decomposition, 1369-1370 
Isolithocliolic acid, 1414 
Isolysergie acid, 1246-1247 
Isomerism, cix-tranx, 219 

configurational, monosaccharides, 
1535 1545, 1570-1572 
geometrical, 219 
optical, 219—143 
stereo-, 219 

steroid group, 1367-1379 
structural, 218 
types, 218 

Isomerization, alkadienes, 0-7 
alkanes, 2-3 
nlkapolyenes, 8 
idkcncs, 4 5 
alkyl fluorides, 957 
alkynes, 8-9 
catalytic, 2 4>, 8, 9 
ergosterol, 1403 
glycols, 1630-1631 

in vapor phase, 997 
ineehunism, 6, 7-8 
sugars, 1638-1662 
thermal, 4, 9 
Isomers, chain, 218 
cix-lrans, 444 
classification, 218-219 
comparison of physical projiertics 


1723-1724 

•yclic c«un|HHimls, 315 336, 477—186 
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Isomers, definition, 218 
functional group, 219 
geometrical, 444 

<*,/3-, in sugars, designation, 1660 
nucleus, 218 

optical, freezing points, 249-260 
properties, 227-228 
rotation, 290-304 
solubility, 251-253 
position, 219 
tautomers, 219 
Isomorphines, 1222 
Isonicotinic acid, 1228 
Isopelletierine, 1184 
Isoperiplogenic acid, 1438 
Isopilocarpidine, 1250 
Isopilocarpinc, 1249-1250 
Isopilopic acid, 1249 
Iso-A 5 -pregnenolone, 1508 
Isoprogesterone, 1494, 1508 
I sopropylacct aldehyde, 1399 
Isopyrovitamin D 2 , 1410 
/3-Isoquinine, 1206 
Isoquinolinc, 153 

Isorotation, Hudson rule of, 1551- 
1552 

Isosaccharinic acids, 1646 
Isosapogcnins, 1462-1463 
Isosarsasapogcnin, 1464 
a-Isostrophanthic acid, 1436, 1437 
a-Isostrophnnthidic acid, 1436, 1437 
reduction, 1438 
0-Isostrophanthidic acid, 1438 
Isostrophanthidin, 1436 
Isothiocyanates, 943 
reaction with Grignard reagent, 605 
Isothiocyanic acid, 939 
Isothiouronium salts, 841 

J 

Jaborandi alkaloids, 1248-1250 
K 

Kekul6 formula for benzene, 121, 134 
Kendall’s compound H, 1516, 1518 


Ketazines, catalytic reduction, 812 
table of, 813 
Ketenes, 663-665 
mesomeric effects in, 1913 
polymerization, 664 
reaction with Grignard reagent, 605, 
514-515, 1914 
Ketimines, 658-659, 661 
catalytic reduction, 812 
12-Ketocholanic acid, from cholic or 
desoxycholic acid, 1354 
from reduction of dehydrodesoxycholic 
acid, 1363, 1364 
3-Ketocoprost ane, 1371 
0-Ketoesters, enolization, 1041 
17-Ketoestrogcns, hydrogenation, 1480 
Az/o-Fructose pentaacetate, 1579 
Ketohexoscs, 1533 
Ketones, acetylenic, 672 footnote 
addition of organometallic compounds, 
500 

catalytic reduction, 805-807 
cycloalkanones, 105-107 
hydrogenation, table of, 806 
optically active, from rearrangements, 
1015 

oxidation, 655-657 

rates of semicarbazone formation, 
1049-1052 

reaction with hydrogen cyanide, 1037- 
1038 

reaction with mercaptans, 849 
reduction, 643-644, 805-807 
a,0-unsaturated, 672-681 
Kctonization of phenols, 120 
Ketoses, 1586-1587, 1588-1589 
Ketose synthesis by biological method, 
1587 

7-Ketosterols, 1386 

Ketoximes, Beckmann rearrangement, 
1026 

syn-anti forms, 465 
Ketyls, metal, 612-613 
Kharasch theory, addition of hydrogen 
fluoride, 948 

Iviliani cyanohydrin reaction, 1538 
Kinetic studies, cis-trans isomers, 452- 


Ivcr synthetic rubber, 764 
Ketals from acetylenes, 658 


453 

redistribution reaction, 1818-1820 
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Knecht’s compound, 1678 
Knoevenagel reaction, cyclization by, 93 
Knorr's pyrrole, 1264 
Koenigs and Knorr reaction, 1575 
Kojic acid, 1624 
Kolbe synthesis, 201 
mechanism, 1882 
Koproporphyrins, 1289 

Koroseal, 754, 760 
Kryptopyrrole, 1263, 1265-1268 
Kryptopyrrole-carboxylic acid, 1263 
Kynurenic acid, 1160-1162 
Kynurenine, 1160-1161 

L 

Lactam formation, 1013 
Lactic acid, optical isomerism, 225 
Lactofluvin, 1617 
Lactol, definition, 1557 
I*actonc rule of optical rotation, 1552- 
1553 

lactones, hydrogcnolysis, 824-825 
y- and 6-, in sugar scries, 1563-1668 
rates of hydrolysis, 1565-1507 
reduction, 1539 

Lactone studies in sugars, 1503-1508 
Lactonization of aldonic acids, 1538 
lactose, 1593 

Ladcnburg formula for benzene, 122 
Lagodcsoxycholic acids, 1414, 1424 
I^anostcrol, 1392 
lanthanum coin|>ounds, 654 
Lauduuine, 1219 
I^iudanidino, 1219 
Laudanosinc, 1219, 1260-1267 
I>ead compounds, tee Organolcad com¬ 
pounds 

I>cad tetraacetate, oxidation of sugars, 
1609 

Legal’s test, 1434, 1445, 1449 
Lepidinc, 1203 
Uthane, 942 

leucoanthocyanidins, 1330 
Leio form, definition, 226 
Levoglucosan, from cellulose, 1090-1700 

preparation, 1022 

Levulinic acid, mechanism of formation, 
1038-1639 


Liebermann-Burchard reaction, 1391 
Liebermann reaction, 1418, 1449 
Light, circularly polarized, 285-287 
monochromatic, 282 
nature of, 281-282 
plane-polarized, 282-284 
Lilligenin, 1466 
Linear polyazines, 736 
Linear polyesters, 716-718 
Liquid ammonia reactions, addition of 
metals to olefins, 529, 546 
diphenylgermanium and sodium, 569 
electrolysis of organomercury halides, 

508 

metalation, 537 

organotin halides and sodium, 559, 

509 

Lithium compounds, see OrganolitIlium 
compounds 

Litlmbilianic acid, 1301, 1362 

thermal decomposition, 1309-1370 
Lithocholic acid, 1346, 1414, 1410 
degradation, 1301-1303 
formation from cpicoprostcrol, 1414 
Ixibclnninc, 1250 

Lobry de Bruyn intcrconvcrsion reaction, 
1586 

I,oiponic acid, 1204 
J^ophophorinc, 1210 

Isissen rearrangement, 977-980, 1004, 
1013, 1022 
I»t urine, 1229 
Lucitc, 762 

Lumisterol, 1298, 1403-1404 
Lysergic acid, 1245-1247 
Lysine. 1138-1141 
Lysuric acid, 1140 

M 

Mncromolccules, definition, 702 
Magnesious halides, 599, 013; see also 
Binary system 

Magnesium coin|H»unds, sec Grignard 
reagents 

Magnetic criterion for bond type, 1950- 
1958 

Magnetic moment, resonance, I960 
Ma huang, 1170 
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Maleic acid from oxidation of benzene, 
133 

Maleic anhydride, adducts with steroids, 
1395, 1400, 1408 
polymer with styrene, 757 
Malonic ester, 1,4-, 1,6-, and 1,8-addi¬ 
tion of, 698 

addition to a,0-unsaturated carbonyl 
compounds, 679 

Maltose, determination of structure, 
1596-1598 

Malvidin, 1318-1319 
Manganese compounds, 566 
Marinobufagin, 1449 
Markownikoff rule, 638-639, 657 
addition of hydrogen fluoride, 947, 957 
addition of sulfur compounds to ole¬ 
fins, 851-852 

applied to cyclopropane, 102 
Masurium compounds, 566 
Mechanism of reactions, 1,4-addition, 
1881 

addition of Grignard reagent to a,0- 
unsatumted carbonyl compounds, 
672-673 

addition polymerization, 771-778 
alcoholic fermentation, 1654-1660 
alkylation of alkanes, 21-24 
aromatic substitution, 174-213 
bromination, addition-elimination 
mechanism, 179-182 
Cannizzaro reaction, 630 
coupling, addition-elimination mech¬ 
anism, 196 

dehydrocyclization of alkanes, 31 
dehydrogenation of alknnes, 27 
esterification, 1044-1046 
fermentation, alcoholic, 1654-1660 
formation of cellulose xanthatc, 1684- 
1685 

formication of, 1860-1863 
free-radical concept, 621-630 
Friccel-Crafts reaction, 178-185, 553- 
•>54 

Gomberg-Bachmann reaction, 629 
Grignard reaction, 1867 
free radicals, 625 

Grignard reagent, and acid chlorides, 
501-502 


Mechanism of reactions, Grignard re¬ 
agent, and alkyl sulfonates, 609 
and esters, 502-504 
and ketenes, 514-515 
halogenation of aliphatic hydrocar¬ 
bons, 33-39, 41, 46 

isomerization of aliphatic hydrocar¬ 
bons, 6, 7-8 

isomerizations and degradations of 
sugars, 1638-1662 
Kolbe synthesis, 1882 
levulinic acid, formation, 1638-1639 
methoxymethylfurfural, formation, 
1639 

muscle metabolism, 1660 
nitration, of aliphatic hydrocarbons, 
49, 51, 53 

of benzene, addition-elimination 
mechanism, 175 
osazones, formation, 1536 
oxidation, 56-57, 1858 
and reduction, 627-628 
of free radicals, 1863 
polymerization, 11-12, 16, 771-778 
of formaldehyde, 767-768 
rearrangements, see Rearrangements 
redistribution reaction, 1818-1820 
reduction, 1858 
bimolecular, 643-644 
of olefins by metals, 529 
Reformatsky reaction, 548 
Reimer-Tiemann reaction, 1882 
ring contraction by Grignard reagent, 
512-514 

thermal decompositions, 626-627 
Walden inversion, 268-281 
Wurtz-Fittig reaction, 538-542, 623 
Mcconin, 1212, 1220 
Meconinic acid, 1212 
Meenvein-Ponndorf method, 1390, 1466 
footnote 
Molamac, 731 
Melamine, 730 

Melamine-formaldehyde polymers, 730- 
731 

Melanin, 1128 
Melibiose, 1593 
Melting points, 1727-1732 
alternations, 1728-1730 
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Melting points, calculation, 1731 
correlation with structure, 1727 
effect of halogen substituents, 1730- 
1731 

Melville, molecular sandwiches, 758 
Menthol, 70-71 
Mercaptals, 849 

of sugars, 15G2, 1575 
Mercaptans, 830-844. 840-852; «« al-o 
Sulfhydryl compounds 
addition to olefins, 850-851 
preparation, 841-8-14 

by addition of hydrogen sulfide to 
olefins, 842 

by alkylation of metal hydrosulfides, 
841 -842 

by catalytic alkylation of hydrogen 
sulfide, 842 

by hydrolysis of S-alkylthiouronium 
salts, 841 

by hydrolysis of thiocatcrs, 8-13 
by reduction of disulfides, 843 
reactions, 840-852 

with aldehydes and ketones, 819 
with alkali, 810 
with carboxylic acids, 818-819 
with heavy metal salts, 840-817 
with nitriles, 851 

with organornetallic compounds, 8o- 

with oxidizing agents, 851-852 
with a,/f-unsatunited carbonyl com¬ 
pounds, 850 
solid derivatives, 895 
tests for, 852 
Mcrcuptidca, 810-847 

reaction with alkylating agents. 851- 

855 

Mereuptols, 819 
Mercupturic acids, 1135 
Mercerization of cellulose, 1009, 1072 
Mercuriuls, aromutic, from sulfinic ackls, 
918 

Mercuric acetate, methoxy-, addition t.. 

etliylcnic linkage, 042 
Mercury coin|Hounds, see Orgnnomercury 
com pounds 
Meroquinene, 1204 
Mcrthiolatc, 847 
Mescal alkaloids, 1209-1211 
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Mescaline, 1210 
Mesitylene, 132, 199 
Mesomeric effects, 1848 
aliphatic diazo compounds, 1913 
azides, 1914 
isocyanates, 1913 
ketcncs, 1913 

Mesomeric polarization, 1847-1848 
Mesoporphyrins, 1262, 1279 
Metahemipinic acid, 1217 

Mctulution, 533-538 

Mctaldehyde, 654 

Metal-halogen interconversion reactions, 

538-539 
Metal halyls, 541 
Metal kctyls, 612-013, 1932 
Mctullic atoms, ionization potentials, 532 
Metallic bond, 1948 
Metallic hydrides, 492, 524, 577 
Metals, interchange in organornetallic 
compounds, 546 

reaction with Grignard reagent, 510 
Metasacclmrinic acids, 1646 
Met at helical reactions, equilibria, 1807- 
1808 

Meteloidinc, 1198 

Met bene syntheses, anomalous, 1284- 
1286 

Methionic acid, 904 
Methionine, 1136-1138 
Mctlioxyindenca, 135 

Methoxymethylfurfural, mechanism «>f 
formation, 1639 

Mcthylaniline, renrrangenient, 188, 976 
Methylntion of glycosides. 1554 
Met hylcholnnt hrene, formation, 1354, 

1355 

1 -Mcthylchrysene from ncopregneno- 
lone, 1520 

Metliylconhydrinonc, 1179-1180 
N-Mcthylconiinc, 1180 
Methylene radical, 616 
Met hy lephedri ne, 1176 
1 -Met hylest radiol, 1508 
Methyletliylmuleimide, 1263, 1265 
Methyl fluoride, 1M8 
a-Met hyl-*/-glucoside, 1516 
/l-Mctliyl-d-gluroside, 1546 
-,-Metliylglucoside, preparation, 1562 
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a-Methylglutaric acid from desoxycholic I Molecular refraction, 1751-1752 


acid, 1366 

Methylgranatanine, 1182 
N-Methylgranatonine, 1181 
Methylisopelietierine, 1184 
Methylisopropylacetaldehyde, 1384, 

1401 

Methylisoquinoline, 153 
Methyl methacrylate, copolymer with 
butadiene, 757 
polymers, 750-753 
Mcthylmorphenol, 1221-1222 
Methylmorphimethines, 1223-1224 
Methylmorphol, 1222 
1 -Met hyl-2-naphthol, 152 
4-Methyl-l-naphthoI, 148 
Methyloses, 1632-1633 
Met hylpscudoephedrine, 1176 
Methyl radical, 613-615 
Methyl rubber B, 764 
Methyl sulfate, mcthylation of sugars by, 
1554, 1594 

Methyl vinyl ketone polymer, 756 
Meyer and Mark, x-ray structure of 
cellulose, 1712-1713 

Meyerhof and Kiessling mechanism of 
alcoholic fermentation, 1657-1660 
Meyer reaction, 558 

Michael reaction, 87, 92, 102, 679-680, 
681-6S2 

1,4-addition in, 696 
1,6-addition in, 699 
su If ones, 882 

Microstructure of cellulose, 1716-1718 
fraws-Migration, 1026-1027 
Migration aptitude, 1067-1068 
in rearrangements, 969, 978,1030-1031 
Migration of substituents in sugar 
derivatives, 1611-1612 
Mills-Xi\on effect, 136-140 
Mirror-image relationship, 221 , 224-225, 
229 

Molecular compounds, bile acids, 1421— 
1422 

sterols, 1391-1392 

Molecular-orbital method, resonance, 
1956 

Molecular rearrangements, sec Rear¬ 
rangements 


effect of conjugation, 1752 
effect of cyclic structure, 1752 
effect of unsaturation, 1751 
exaltation, 1751-1752 
factors for calculating, 1751 
Molecular rotation, 285 
sterols, 1378 

Molecular sandwiches of Melville, 758 
Molecular volume, 1743 
Molecules, asymmetric, 221 
Molybdenum compounds, 564 
Moment of momentum, 1026 
Monoacetoneglucosc, establishment of 
structure, 1557-1559 
Monoacetoneglucose-5,6-carbonate, es¬ 
tablishment of structure, 1559 
Monohydroxysapogenins, 1464 
Monosaccharides, classification, 1533 
configurational isomerism, 1535-1545 
definition, 1533 

Monosulfoncs, reactions, 877-879 
Morphine, 1221, 1227 
Morphothebaine, 1225 
Muconic acid, 133 
reduction, 144 
Mucoproteins, 1609 
Multiple bonds, 1900-1907 
resonance, 1958-1959 
Muscle metabolism, mechanism, 1660 
Muscone, 105 
Mustard gas, 856, 860-861 
Mustard oils, 943 
Mutarotation, 305-307 
abichydosugar acetates, 1576-1577 
configurational changes, 305-307 
of sugars, interpretation, 1546-1547 
kinetics, 1547-1548 
mechanism, 1548-1549 
reversibility, 967 
structural changes, 306-307 
Mycosterols, 1398-1411 
Myosmine, 1193 

N 

Naphthacene, 169 
Naphthacenequinone, 171 
Naphthalene, 145-160 


| isapnthalene, 145-160 
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Naphthalene, Friedel-Crafts reaction, 162 
reduction, 145 
structure, 1971-1973 
thermochemical data, 157 
Naphthenes, 70 
a-Naphthol, 145-147 
0 -Naphthol, 133, 14G, 148 
Naphthol carboxylic acids, 201 
Naphthols, coupling, 148, 154 
etherification, 149 
halogcnation, 151, 152 
a-Naphthoquinone, 159 
0 -Naphthoquinone, 158, 159 
1,4-Naphthoquinono, 156 
Naphthoylbcnzoic acid, 150 
0 -Naphthyl allyl ether, 149 
«-Naphthylamine, 146 
0 -Naphthylamine, 146, 148, 149 
Narcotine, 1220-1221 
Negative groups, activating effect, 632 
Ncoarsphenninine, 919 
Neocrgostcrol, 1401-1402 

molecular rotation, 1378-1379 
Ncopentanc, chlorination. 1008 
Ncopent yluininc, rearrangement, 967, 

1007 

Neof»cntyl chloride, preparation, 1008- 

,009 *07 

Ncopcntyl group, rearrangement, 1007 

Neopine, 1226 

Neoprene, 7G0 

Ncoprogest crone, 1497, 1520 

Ncosnlvurwin, 919 

Ncotigogenin, 1464 

Ncriantigenin, 1447 

Netting agents, 760 

Netting effect, 750 

Neutralized systems, 1910-1911 

Nickel, Haney, preparation, 788 

Nickel catalyst, preparation, 787-788 

Nickel compounds, optical isomerism. 

440 

Nicol prism, 283-286 
Nicotcine, 1193 
Nicot inline, 1193 
Nicotine, 1190-1193 
Nicotinic acid, 1186, 1190-1191 
Nicotyrine, 1191-1192 
Ninhydrin reaction, 1099. 1102 
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Nitogenin, 1464 

Nitration, addition-elimination mecha¬ 
nism, 175 
alkanes, 48-51 
alkenes, 51-53, 175-178 
alkynes, 53 
authraccnc, 176 
aromatic compounds, 175-179 
catalytic, 51, 52 
electrochemical, 53 
liquid phase, 50 
mechanism, 49, 51, 53 
monosubstituted benzenes, 1029 
vapor phase, 48—19 
Nitric acid, addition to alkenes, 51 
addition to ethylcnic linkage, 639-610 
Nitriles, 660-661 

addition of hydrogen sulfide, 933-934 
catalytic reduction, 809-810 
conjugation with ethylcnic linkage, 687 
electronic theory of addition to, 1907 
hydrolysis, 660 

intcrmolecular addition under influ¬ 
ence of orgnnometallic com¬ 
pounds, G61 

reactions, with Grignard reagent, 501, 
661 

with mercaptans and thiophenols, 

851 

reduction, 061, 809-810 
table of, 810 

tautomerism of unsnturated, 1041- 

1043 

a, 0 -unsat united, 687-688 
1 -Nitroanthraccne, 168 
9-Nit roanthracenc, 176 
Nitrobenzene, reaction with Grignard 
reagent, 604 

Nitrocellulose, 1677-1679 
Nitro compounds, catalytic reduction, 
815-817 

optical activity, 388-392 
reduction, table of, 816 
o ( 0 -unsaturatcd, 688 
Nit rodihy drou 11 1 hranol, 170 
0 -Nitroetliyl alcohol, 175 
0 -Nitrocthyl nitrate, 175 
Nitrogen compounds, optical isomerism 
101-419 
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Nitrogen compounds, pentaalky 1,529-530 
trivalent, optical isomerism, 401-413 
Nitrogen oxides, addition to alkenes, 52 
addition to dienes, 670 
Nitrogen tetroxide, addition to ethylenic 
linkage, 642 

Nitrogen trioxide, addition to ethylenic 
linkage, 642 

Nitro group, addition of alkoxides, 662 
conjugation with ethylenic linkage, 687 
reaction with Grignard reagent, 504- 
505 

reduction, 661-662 
Nitrosation, 191 

Nitrosobenzene, reaction with Grignard 
reagent, 504 

Nitrosyl chloride, addition to ethylenic 
linkage, 642 

Nitrosyl group, reaction with Grignard 
reagent, 504 
Norarccaidine, 1186 
Norarecoline, 1186 
Norat ropine, 1198 
Norcamphor, synthesis, 77 
Norcaradiene carboxylic acid ester, 134 
Norephedrine, 1176 
Norcquilenin, 1481 
Norestrane derivatives, 1481-1484 
Norostrone, 1481 
Norharman, 1234-1235 
Norhydrastinine, 1213 
Norhyoscyamine, 1198 
Normal addition, hydrogen sulfide to 
olefins, 842 

sulfur compounds to olefins, 851 
Normal sugars, 1555 
Normann compound, 1674 
Nornicotine, 1193 
Noroxyhydrastinine, 1215 
Norpinic acid, synthesis, 84-85 
Norpseudoephedrine, 1176 
Nortropine, 1198 

Notation, configurational, 304-305 
a.fl-isomers in sugars, 1550-1551 
optical Isomerism, 230 
sugar configurations, 1543 


Nuclear charge, effective, 1825 
Nucleophiles, 1859 
Nullpunktsvolume, 1741-1743 
Nylons, 726 

O 

Octahedral elements, 222 
optical isomerism, 434-438 
Octahydroestrone, 1499 
Octamethylporphyrin, 1272, 1273 
n-Octane derivatives, physical constants, 
1723 

Octopine, 1148 
Odd molecules, 1928 
Olcandrin, 1446 

Olefins, see also Alkenes and Ethylenic 
double bond 

addition of hydrogen sulfide, 842-843 
addition of hypohalous acids, 1925 
addition of mercaptans and thiophe- 
nols, 850-851 
addition of metals, 1932 
direct fluorination, 946, 947 
electronic theory of addition to, 1904- 
1906 

polymerization, 527-529 
polymers from, 740-756 
reaction, with sulfur chloride, 855- 
856 

with sulfur dioxide, 875-876 
reduction by metals, 526-529 
Oligosaccharides, definition, 1533, 1592 
from cellulose, 1696-1699 
One-electron bond, 1960-1961 
Opianic acid, 1212, 1220 
Opium, 1216 

Opium alkaloids, 1216-1227 
Oppenauer method, 1357, 1388, 1489, 
1495, 1506, 1523 
Opsopyrrole, 1263, 1268, 1269 
Opsopyrrole-carboxylic acid, 1263 
Optical activity, 220-221; see also 
Optical isomerism and Optical 
rotation 

amino acids, 1085-1087 


Novocaine, 1202 
Nucidine, 1241 
Nucine, 1240-1241 


carbanions, 388-397 
carbonium ions, 397-400 
due to molecular structure, 221 
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Optical activity, during rearrangements, 
399-400, 981-984, 987-990 
free radicals, 383-388 
fundamental concepts, 220 
of crystals, 220 

of free radicals in rearrangements, 987 
organometallic compounds, 560 
theories, 289 

Optical isomerism, 220-433; str al'O 
Optical activity awl Optical rota¬ 
tion 

allencs, 337-340 
amine oxides, 417-119 
arsenic compounds, 426-432 
beryllium compounds, 432-433 
biphenyls, 347-370 
bipyridyls, 374 
bipyrryls, 375 
boron compounds, 432-433 
complex compounds, 434-138 
copper compounds, 432-433 
cyclic compounds, 315-336 
five-rnembered rings, 320 
four-rncmbcrcd rings, 317-320 
six-membered rings, 320-327 
three-memlxTcd rings, 316-317 
dipyrrylbenzones, 377 
fused ring systems, 328-336 
germanium compounds, 425 
inositol, 336-337 
nickel compounds, 440 
■litro compounds, 388-392 
nitrogen compounds, 401 419 
octahedral elements, 434 438 
of elements other than carbon, 4(X) 443 
palladium compounds, 433, 440-141 
phcnylcnrbazolcs, 376 

phenylpyrrolcs, 375-376 
phenylquinoncs, 374 
phosphorus compounds, 425-420 
planar elements, 438-443 
platinum compounds, 434, 441-443 
l>olyphcnyls, 370-374 
quaternary ammonium suits, 413-417 
selenium compounds, 423-124 
silicon compounds, 401 


Optical isomerism, sulfonium salts, 419- 

421 

sulfoxides, 421-422 
sulfur compounds, 419-423 
tellurium compounds, 424 
tcrphcnyls, 370-373 
tin compounds, 424-425 
zinc compounds, 432—133 

Optical isomers, number of, 237 

Optically active alcohols, rearrangement, 
1000 

Optically active alkyl halides, rearrange¬ 
ment, 988 

Optically active amides, rearrangement, 

983 

Optically active amino alcohols, rear¬ 
rangement, 987-988 

Optically active diazoketones, rear¬ 
rangement, 1014 

Optically active ethers, rearrangement, 

999 

Optically active glycols, rearrangement, 
1015 

Optically active ketones, from rear¬ 
rangements, 1015 

Optically active pinacols, rearrangement, 
1023 

Optirully active radicals, in rearrange¬ 
ments, 1022 

Optically active sulfinic ester*, rear¬ 
rangement, 999-1000 

Optical rotation, also Optical activity 
awl Optical isomerism 
and association, 293 
and concentration, 298 
and dissociation, 295 
and structurc, 296-298 

in steroid group, 1378-1379 
ami tern|»eraturc, 290-291 
and wavclength of light, 291-293 
factors influencing, 290-304 
molecular, 285 
solute, nature of, 298-301 
solutions, 293 295 
solvent, nature of, 298-301 
specific, 285 

sugars, measurement by mnximuii 
solubility mcllusl, 1550 
rules, 1551 -1553 


iraiies, 340-343 
Ifilirnincs, 422-423 

I finic esters, 421 imnioRt 

Volume I. pages 1-1077; Volume II. pages 1079-1983 



xlviii 


INDEX 


Optical stability, of ions, 989 
of tricovalent groups, 1023 
Optochin, 1208 
Orbital wave function, 1945 
Organic sulfur compounds, 835-943; see 
also under individual members 
Organoalkali compounds, 524-542 
Organoaluminum compounds, 553-554 
Organoantimony compounds, 562-563 
Organoarsenic compounds, optical isom¬ 
erism, 420-432 

Organobarium compounds, 546-547 
Organobcryllium compounds, 545 
Organobismuth compounds, 562-564 
Organobismuth radicals, 571-572 
Organoboron compounds, 552-553 
Orgunocadmium compounds, 548-549 
Organocalcium compounds, 545-547 
addition to benzalacetophenone, 675 
Organochromium compounds, 564-565 
Organochromiura radicals, 572 
Organocolumbium compounds, 561 
Organocopper compounds, 542-544 
Organogallium compounds, 555,556 
Organogermnnium compounds, 557-558 
optical isomerism, 425 
Organogermnnium radicals, 569, 572 
Orgonogold compounds, 542-544 
Organoindium compounds, 555 
Organoiron compounds, 566-567 
Organolanthanum compounds, 554 
Organolend compounds, 560-561 
redist ribut ion, 1811-1813 
Organolead radicals, 570-571 
Organolithium compounds, 524-525, 
538-539 

addition to azomethines, 659 
addition to carbonyl group, 647 
in halogen-metal interconversions, 
538-539 

Organomagnesium compounds, see Grig- 
nnrd reagents 

Organomanganese compounds, 566 
Organomasurium compounds, 566 
Orga nomercury compounds, 549-552 
competition in cleavage, 1071-1072 
redistribution, 1810-1811 
Organomercury radicals, 568, 572 
Organometallic ammincs, 553 


Organometallic compounds, 489-580 
addition reactions, 498, 500-507, 511- 
512, 515, 526, 528-529, 545-546, 
550 

analysis, 496-497, 500 
cleavage, by halogen acids, 519-520, 
560 

by halogens, 500, 519 
color test I, 496-497 
color test II, 525 
color test III, 564 
conductivities, 530-532 
detection, 496-497, 525, 564 
electrolysis, 568 
hydrogenolysis, 833 
interconversion, 572-576 
optical activity, 560 
preparation of sulfinic acids, 915 
pyrolysis, 570-571 

quantitative estimation, 496-497, 500 
radioactivity, 560-561, 575 
reaction with mercaptans and thio- 
phenols, 852 

redistribution of halides, 1812-1813 
redistribution of R„M types, 1810- 
1812 

relative reactivity, 494, 510, 518-524, 
525, 530-535, 545-546, 552 
thermal stability, 521, 542-544, 551, 
562, 569, 575 

Organometallic hydrides, 558 
Organometallic radicals, 567-572 
Organomolybdenum compounds, 564 
Orga nopalladium compounds, 567 
Organoplatinum compounds, 567 
Organopolonium compounds, 565 
Organopotassium compounds, addition 
to benzalacetophenone, 675 
Organorhcnium compounds, 566 
Organoscandium compounds, 554 
Organosilver compounds, 542-544 
Organostrontium compounds, 546-547 
Organotantalum compounds, 661 
Organothallium compounds, 555-556 
Organothallium radicals, 568-569 
Organotin compounds, 558-559 
optical isomerism, 424-425 
Organotin radicals, 569-570, 572 
Organotitanium compounds, 557 
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Organotungsten compounds, 564 
Organouranium compounds, 564 
Organovanadium compounds, 561 
Organoyttrium compounds, 554 
Organozinc compounds, 547-548 

reaction with a, 0 -unsaturatcd alde¬ 
hydes and ketones, 675 
Organozirconium compounds, 557 
Orientation, and substitution in benzene 
ring, 202, 1029. 1975 
effect of chelation, 1878-1879 
effect of polyfluoride group, 960 
Ornithine, 1143, 1146-1147 
Ornithuric acid, 1146 
Orthanilic acid, 187 
Orthoacetates, 1610-1611 
Osazoncs, mechanism of format ion, 1536 
Oscine, 1197 

Osmic acid, see Osmium tetroxidc 
Osmium tetroxidc, hydroxylnt ion of 
steroids, 1479, 1517, 1522 
Ostreasterol, 1395 
Ouabagenin, 1447 
Oxalic acid from cellulose, 1673 
Oxidation, aldehydes, 655-656 
alkanes, 55 
alkencs, 59 
alkynes, 62 

amino acids, 1100-1102 
and reduction, in rearrangements, 987, 
1005, 1012, 1022 
mechanism, 1926-1927 
benzene, 133 

by Art lobar Ur aubnxylans, 1662 
by Aretobartcr xylinum, 1662 
by chromic acid, 036 
by hydrogen j»croxidc, 635 
by lead tetraacetate, 635 
by oxidants other than oxygen gas. 
68, 62 

by ozone, 636-637 
by permanganate, 635 
by silver iodol»cnzoate, 635 
carbonyl compounds, 655-657 
catulytic, 58, 61, 637 
cellulose, 1091-1004 
electronic mechanism, 1858 
ethylenic linkugc, 031-037 


xlix 

Oxidation, Grignard reagent, 507-50S 
mechanism, 56-57 

mercaptans and thiophenols, 851-852 
resistance of fluorides to, 956, 960 
sugars, 1649-1654 

by hypobromite, 1651-1652 
in acid media, 1649-1651 
in alkaline media, 1051-1654 
sulflnic acids, 917-918 
thermal, 55, 59 

thioaldchydes and thiokctoncs, 927 
thiolsulfonatcs, 910 

Oxidation-reduction potentials, 159 
1038-1039 

22.23-Oxidoergostcrol, 1411 
Oxime-nitrone tautomcrism, 1936 
Oximes, catalytic reduction, 811 
chelate derivatives, 1873 
cis-trans isomerism, 465-473 
formation, 652 
hydrogenolysis, 811 
reactions, 600 
rearrangements, 979, 984 
njn- and anti-, inlerconvereion, 472 
Oxo-Diels* acid, 1300 
Oxoniuin salts, 1317, 1333 
stability, 18.36 

Oxonium theory, 1317 
Oxybcrberine, 1214, 1215 
Oxycclluluse, 1691-1694 
Oxygen, reaction with Grignard reagent, 

607-508 

Oxy hydros! ininc, 1215 
Ozonolysis, acetylenes, 057 
iK-nzene, 133-134 
double bonds, 6.30-637 

p 

Palladium black, preparation, 785-787 
Palladium catalysts, colloidal, prepara¬ 
tion, 783 

supported, 780 7h7 
Palladium compounds, 507 
optical isomerism, 433, 440—141 
Palladium zeolites, 787 
Palladous oxide, preparation. 786 
Panelli tcchni«|ue, applied to organome- 
tallie coin|s»unds, 514, 654, 601 


free radicals, mechanism, <127-628 
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Paneth technique, free radicals, 613-614 
Papaveraldine, 1217 
Papaverine, 1217-1219 
Papaverinic acid, 1217 
Papaverinol, 1216 
Para bond formula for benzene, 124 
Parachor, 1744-1746 
calculation, 1744 
constants for calculation, 1746 
in fluorides, 952 

relation to critical volumes, and col¬ 
lision areas, 1745 

relation to nullpunktsvolume, 1742 
Paraformaldehyde, mechanism of forma¬ 
tion, 767-768 
Paraldehyde, 654 

Paramagnetic measurements, free rad¬ 
icals, 591 

Paramagnetism of organic radicals, 1760- 
1761 

Parasaccharinic acids, 1646 

Partial valence, 128, 666 

Pauling electronegativity scale, 1855 

Peganine, 1250 

Pegene-9, 1250 

Pelargonidin, 1318 

Pellctierinc, 1183 

PcUote, 1209 

Pellotine, 1210 

Pentaalkyl nitrogen compounds, 529-530 
Pentaarylethanes, 605 
Pentaarylethyls, 607 
Pentadieneones, 689-690 
Pentad systems, 1940 
Pcntahydroxybufostane, 1425 
Pentamcthylbenzene, 199 
Pentasulfides, 864 

Pentoses, structure determination, 1541- 
1542 

Peonidin, 1318-1319 
Pepper alkaloids, 1180-1181 
Perbunan rubbers, 765 
Pcrhydrodiphenic acids, 1359 footnote 
Periodic acid, action on cellulose, 1693 
oxidation of sugars, 1568-1569 
Periodic table, 520, 1826 
Periplogenin, 1443 


Perkin synthesis, 651 
Peroxidation theory, 56, 60 
Peroxide effect, 41-42, 47, 639, 642, 657 
1915, 1926 

Peroxides, triarylmethyl, rearrangement 

975 

Peroxide systems, 1924-1928 
2,5-Peroxido-A*-choIestene, 1395 
Perrier compounds, 184 
Petroleum refining, fluorides in, 963 
Pettenkofer reaction, 1418 
PeyoU, 1209 

Phase test, chlorophyll, 1303 
Phenanthrene, 160-162 
bromination, 179-182 
Friedel-Crafts reactions, 161 
resonance structure, 1971-1973 
sulfonation, 161 

Phenanthrene dibromide, 162,180-182 
9,10-Phenanthrenequinone, 161-162 
2-Phenanthrol, coupling, 161 
Phenol-aldehyde polymers, 731-732 
Phenol ethers, coupling, 195 
Phenolic esters, rearrangement, 998 
Phenols, aldehyde condensation, 201 
C-alkylation, 201 
coupling, 191, 192 
from sulfonic acids, 892 
ketonization, 120 
reactions, 185-202 
with thiolsulfonates, 910 
a-Phenylacrylic acid, from tropic acid, 
1194 

Phenylalanine, 1127 

1- Phenyl-4-aminobutadiene, 145 
Phenyl azide, addition to ethylenic 

linkage, 642 

addition to quinones, 691 

2- Phenylbenzopyrone, 1332 
2-Phenylbenzopyrylium chloride, 1317 

Phenylcarbazoles, optical isomerism, 376 
Phenylhydrazine, addition to a,/3-unsat- 
urated carbonyl compounds, 678 
Phenylhydrazones, formation, 652 
Phenylhydroxylamine, rearrangement, 

976 

Phenyl isocyanate, competitive reac¬ 
tions of two alcohols or amines 
1069-1070 


Perkin method of preparing alicyclic 
compounds, 82-86 
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Phenylnaphthophenazonium chloride, 
167 

Phenylpyrroles, optical isomerism, 375- 

376 

Phenylquinones, optical isomerism, 374 
Phenylsulfamic acid, 187 
Phenylthiyl radical, 619 

1 -Pheny It riazolonc-5-carboxylic acid, 185 

Pheophorbidc a, 1299, 1311 
Pheoporphyrin 1299, 1311-1312 
Phloroglucinol, 146 
Phosphocrcat i nc, 1113 
Phosphonium bases, electronic theory, 
1838 

Phosphoric esters of carbohydrates, 
1606-1608 

Phosphorus compounds, optical isomer¬ 
ism, 425-426 

Phosphorus peutachloride, addition to 
cinnamalucetophenone, 696 
addition to dienes, 670 
reaction with aldehydes and ketones, 

655 

reaction with unsat urn ted ketones, 680 
Phosphorus trichloride, reaction with 
unsaturated ketones, 680 
Photochemical activation, organomel nl- 
lic compounds, 544-545 
Photochemical reactions, free radicals in, 

625 

Photosynthesis, action of chlorophyll in, 
1314 

role of orgnnomctnllic compounds, 578 
Photo!ropy, 905 

Phthalic anhydride-glycerol polymer. 
703, 710 

Phthnlimide reaction, synthesis of a- 
urnino acids, 1105 
Phthulocyanin, 1288 
I Mil liulocy unines, structure, 1877 
Phyllochlorin, 1307 
Phylloery thriii, 1301, 1311 
Phylloporphyrin, 1296, 1301 
Phyllopyrr.de, 1263. 1265, 1268, 1269 

Phyllopyrrole-carboxylic acid, 1263 
Physical pro|ierties and constitution of 
organic compounds, 1720-1805 
Physiologicul pro|»crties, .»rganometiilhc 

compounds, 576-577 
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Physostigmine, 1230-1234 
Physostigmol, 1231 
Phytochemical synthesis, 1330 
Phytol, ester with propionic acid in 
chlorophyll, 1298 
Phytosterols, 1396-1398 
Phytyl group, in chlorophyll, 1298 
Picene, from cholic acid, 1352 
a-Picolinic acid, 1178-1179 
Pigments, plant, 1316 
plastid, 1316 
Pilocarpidine, 1250 
Pilocarpine. 1248-1250 
Pilopic acid, 1249 

Pinacolone rearrangement, sec Pinacol 
rearrangement 

Pinacol rearrangement, 96S-972, 975- 
977, 985, 1005, 1012, 1015, 1023. 
1030 

eydization by, 97-98 
Pinaeols. migrational aptitudes, 1067- 
1068 

optically active, rearrangement, 1023 
steroid, 1388. 1401, 1410 
Piperic arid, 1181 

Pi|>eridine, rates of reaction with alkyl 
bromides, 1057-1058 
reaction with diuzoniurn compounds, 

951 

Piperine, 1180-1181 
Pifieronylic acid, 1181 
Pivot bond, 344 
Planar elements, 222 
optical isomerism, 438-443 
Plane of symmetry, 224 
Plant pigments, 1316 
Plostid pigments, 1316 
Platinum black, preparation, 785-786 
Platinum catalysts, colloidal, prepara¬ 
tion, 783 
supported, 785 
Plntinuin compounds, 567 

optical isomerism, 434, 441-443 
Platinum dioxide, preparation, 781 
Plexiglas, 752 

Poisoning of catalyst, definition, 796 
Polarimctcr, 284-285 
Polarimctry, 281-290 
electromeric. 1817 
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Polurimetry, inductomeric, 1849-1850 
Polarizability, 1841 
sulfone group, 880 
Polarization, 1841 
mesomeric, 1847-1848 
Polaroid films, 284 
Polonium compounds, 565 
Poly acetals, 734 
Polyamides, 702, 721-727 
from amino acids, 722-724 
from diamines and dibasic acids, 724- 
727 

Polyamines, 735-736 
Polyazines, linear, 736 
Polybasic acids, and polyhydric alcohols, 
polyesters from, 714-721 
Polydcntate chelate rings, 1877-1878 
Polyenes, addition of maleic anhydride, 
686 

phenylated, 693‘ 

Polyenoid systems, 1914-1919 
Polyesters, 702, 707-721 
from glycerol and phthalic anhydride, 
703 

from hydroxy acids, 707-714 
from polybasic acids and polyhydric 
alcohols, 714-721 
linear, 710-718 
Polycthcr resins, 736 
Polyethylene glycols, 771 
Poly fluorides, 959-961 
Polyglucosans from cellulose, 1698 
Polyhomologous series, 739 
Polyhydric alcohols, and polybasic acids, 
polyesters from, 714-721 
Poly isobutylene, 743, 760 
Polymer, definition, 702 
Polymeric alcohols, 737 
Polymeric alkyl silicon oxides, 738 
Polymeric anhydrides, 735 
Polymeric hydrocarbons, 736-737 
Polymerization, acetaldehyde, 653-654 
acetylene, 658 

acrylic acid derivatives, 750-753 
aldehydes, 767-770 
alkadienes, 14 

alkenes, 12 

alky nos, 18 
catalysts for, 741 


Polymerization, catalytic, 12-15, 17, 18 
cyclic compounds, 770-771 
definition, 10, 702 
degree of, definition, 741 
dienes, 758-759 
ethylene, 742-743 
ethylenic hydrocarbons, 641 
formaldehyde, 1 767 
ionic mechanism, 776 
isobutylene, 743 
ketenes, 664 

mechanism, 11-12, 16, 771-777 
olefins and their derivatives, 740-756 
olefins by metals and organomctallic 
compounds, 527-529 
organogermanium compounds, 572 
photo-, 18-19 
steps in, 772 
styrene. 743-750 
thermal, 12, 15, 18 
vinyl esters, 753-756 
Polymers, cross-linked, 703 
head-to-head, tail-to-tail type, 745, 
753 

head-to-tail type, 753, 756 
heat-convertible, 714 
hcct-non-convertible, 714 
sulfur analog of polyoxymethylene, 
925 

synthetic, 701-778 
three-dimensional, 703, 714, 718-721 
Polyolefins, cts-trana isomerism, 464 
Polyoxyraethylenes, 702, 767-770 
Polyphenyls, optical isomerism, 370-374 
Polysaccharides, definition, 1533 
Polystyrene, 741, 743-750 
molecular size, 741 
Poly sulfides, organic, 864-866 
general characteristics, 864 
preparation, 864-866 
from organic sulfides, disulfides, 
and polysulfides, 865 
from sodium polysulfides, 865-866 
from sulfhydryl compounds, 864- 
865 

reactions, 866 
Polysulfoncs, 765-767 
Polythene, 743 


Polyvinyl acetals, 755 
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Polyvinyl acetate, 754-755 
Polyvinyl alcohol, 755 
Polyvinyl chloride, 702, 754 
Polyvinyl halides, 753 
Polyvinylidene chloride, 754 
Polyynes, rearrangement, 1011 
Pomegranate alkaloids, 1181-1184 
Porphin ring, structure, 1877-1878 
Porphyria, 1289 
Porphyrin nucleus, 1270-1278 
fine structure, 1280-1289 
Porphyrins, chemistry of, 1259-1292 
from chlorophyll, 1295-1297 
NUN bridges, 1288 
N-isomers, 1287 
nomenclature, 1272 footnote 
syntheses, 1207, 1272 
Porphyrinuria, 1289 

Positive halogen compounds, oxidation 
of mercaptidcs by, 851-855 
Potentials, ionizution, metallic atoms, 
532 

oxidation-reduction, 159, 1038-1039 
p-qui nones, 1039 

Pre-dissociation in rearrangement mech¬ 
anisms, 974, 1001 

Preferential reactions, organometnllic 
compounds, 579 
Pregnane, 1489 
Pregnane derivatives, 1490 
Pregnancdiols, 1491-1492, 1497 
Prcgnnnedioiica, 1491 -1492 
Pregnane! Hols, 1493, 1494 
Prcgnone derivatives, 1495 
Pregnenolone, 1491 
A^-Prcgncnoloiie, 1528 
^.pregnenolone acetate, 1520, 1527 
Prism, Fresnel, 287 
Nieol, 28.3 285 

Progcsl ereme, 1108, 1487-1489, 1511. 

1520 

assay, 1187 
isolation, 1188 

physiological relationshi|>s, 1490-1498 
preparation, 1500 -1507 
structure. 1488 1489 
Progressive pairing of quadrants, 1274 
Prolific*, 1 lift-1121. 1140 


Propylene oxide, rearrangement, 975 
Propylene oxide sugar ring, 1582 
Proteins, definition, 1080 
hydrolysis, 1079-1080 
Protochlorophyll, 1314 
Protoglucal, 1630 

Proton shift in rearrangements, 1000 
Protoporphyrin, 1260, 1283-1284 
Protosinomenine, 1257 
Protropic shift, in rearrangements, 1021 
Pseudoasymmetry, 235 
Pseudohufotalin, 1449 
Pscudococaine, 1201 
Pscudocodcine, 1222, 1223 
Pseudocode i none, 1222, 1223 
Paeudoconhydrine, 1180 
Pscudoeoniceinc, 1180 
Pscudoeiiinene, 132 
Pscudocphcd ri ne, 1170-1178 
Pseudoergot inine, 1244 
Pscudohyoseyamine, 1198 
Pseudo ionic reactions, 1805-1807 
Pscudoopianic acid, 1215 
Pseudo|ielletierine, 1181-1182, 1253 
Pscudosapogenin, 1402 1403 
Pseudo*! rophant hidiii, 1439 
Px-udolropinc, 1197, 1200 
INicain, 1201 
Puiiicine, 1183 

Purdie inelhylation of sugars, 1554 
Pyrnnohcxosidcs, 1020 
Pyraiiose ring structure, establishment 
1553-1550 
Pyra/.olcs, 135 

rearrangement, 974 
Pyrazolines, pyrolysis, 91 -90 
Py relic, 172 

Pyridine ami alkyl bromides, competitive 
react ions, 1001-1005 

Pyrocalciferol, 1101, I 110 
I'yroisolit hohilianie nciil, Clcmmeiiseii 
reduction, 1309 

Pyrolilhohilianie acid, C’lemineit-en re¬ 
duction, 1309 

Pyndysis, determination of stability by 

1063 


opionic acid fermentation, 1002 
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Pyrolysis, salts of dibasic acids, 78-82 
sulfonium hydroxides, 869 
8ulfonium salts, 868-869 
thioaldehydes and thioketones, 928 
'y-Pyrone, 1331-1332 
Pyrroetioporphyrin, 1296 
Pyrroles, alkylation, 1265 
rearrangement, 976 
Pyrrolidonecarboxylic acid, 1116, 1117 
Pyrroporphyrin, 1274, 1290, 1291, 1296 

Q 

Quaternary ammonium bases, electronic 
theory, 1838 

Quaternary ammonium fluorides, 950 
Quaternary ammonium salts, optical 
isomerism, 413-417 
Quebrachine, 1234 
Quercetin, synthesis, 1336-1338 
Quinaldinc, 153 
Quinic acid, 1203 
Quinidine, 1207 
Quinine, 1202, 1205 
Quininic acid, 1206 
Quininone, 1205 

Quinoid structures, anthocyanidins, 1317 
footnote 

electronic theory, 1922-1924 
Quinones, 689 
addition reactions, 691-692 
oxidation-reduction potentials, 159, 
1039 

Quinovic acid, 1203 
Quinuclidine, 1203 
Quiteninc, 1205 

R 

Racemic acids, resolution, 259 
Racemic bases, resolution, 260 
Racemic compounds, 248 
in liquid state, 253 
Racemic mixture, 248 
Racemic modifications, 240-263 
definition, 225 

determination of nature, 249-253 
formation, 240-248 
mechanical mixture, 248 


Racemic modifications, methods for dis¬ 
tinguishing, 249-253 
freezing-point method, 240-250 
solubility method, 251-253 
molecular compound, 248 
properties, 248-254 
resolution, 254-264 
solid solutions, 249 
Racemic solid solution, 249 
Racemization, 241-248 
amino acids, 1093-1095 
by physical means, 241 
enolization and, 244-246 
Grignard reagents, 516 
in rearrangements, 967,982, 984,1022 
kinetics of, 243 
mechanism, 241-242 
tautomerization and, 243 
thermal, 242 

Radical reactions, 1863-1864 
Radicals, see Free radicals 
series by cleavage of organometallic 
compounds, 519-520, 560 
Radioactive chloride ions, effect on re¬ 
arrangements, 994 
Roman effect, 1774-1794 
Raman shifts, for characteristic linkages, 
1777 

value in structure determination, 
1775-1776 

Random distribution, 1808-1809, 1815— 
1818 

Random equilibrium mixtures, composi¬ 
tion, 1815-1818 
Raney nickel, preparation, 788 
Raoult’s law and solubility, 1738 
Rate constants, reliability, 1060-1062 
Rate data, calculation of dipole moment 
from, 1030 

Rates of reaction, alkyl bromides and 
piperidine, 1057-1058 
alkyl chlorides and metallic iodides, 
1053-1055 

competitive reactions, comparison of 
reactivity, 1064-1072 
diphenylchloromet hones and acyl 
chlorides with alcohols, 1055-1057 


esterification, 683 

and alcoholysis, 1044-1046 
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Rates of reaction, formation of acetals, 
1046-1048 

formation of semicarbazones, 1040- 
1052 

formation of thiourethanes, 1058-1060 
general coariderat ions, 1033 
rearrangements, 1027-1031 
three-carbon tautomerism, 1041-1014 
Reactivity, relative, stc Relative reactiv¬ 
ity 

Rearrangements, a,y-, 1003 
activated complex in, 1028 
active molecules in, 975, 980 
acyl azides, 977 
N-acylpyrroIes, 976 
alcohols, 1012, 1023 
aldehydes, 971 
N-alkylanilines, 995 
N-alkylunilinium suits, 995 
/erf.-alkylcarbinols, 1023 
alkyl phenyl ethers, 997, 1023 
N-alkylpyrrolcs, 976 
ullencs, 663 

allylic, 187, 1004. 1000. 1018. 1881- 
1883 

Beckmann, 470-171. 979. 984. 1001. 
1026, 1225 

bcnzhydroxnmic arid, 977 
bcuiUine. 970. 995. 1021 
bcnzilic acid, 974. 970. 980. 9M,. 1000 
benzylazide, 979 
butadiene dibroinidcs, 1001 
camphor series, 992 
Chapman, 1010 
Claiscn, 141. 149. 189. 999 
CurtiuM, 977-980, 988-990. 1001. 1013. 
1022, 1024 

cyclic compounds, 971 

as intermediates, 973, 976, 91 
cyclobutanc intermediates. 972 
cyclopropane intermediates. 9'-. 
degradation of cnmphorie »«»d>. 101 . 
dehydration of alcohols, 1012 

Demjunow, 90-97, 107 
diazides, 978 

diazoumino compounds, 993 
1 , 2 -dibromides, 1002 

diphen> Iketene intermediate. 974. JSO 

Volume I, pages 1-1077, 


1003, 


Rearrangements, electronic concept, 
1004-1027 

ethylene oxides, 1017-1018 
free radicals in, 973-988 
Fries, 898. 998 
glycols, 968-972. 976 
Grignard reactions, 516-517, 
1009-1011 

N-haloacylanilidcs, 994 
halogen amides, 977 
Hofmann, 977-980. 989, 1004, 1008. 

1013, 1014, 1022 
hydramine fission, 1205 
hydrazobenzene, 976 
hydrobenzoin, 970, 976 
hydroxamic acids, 977, 980 
hydroxylamines, 978 
indole derivatives, 974 
intcrmolecular carbonium-iun mecha¬ 
nism, 999 

intramolecular oxidation-reduction. 

1005 

ionic hypothesis, 989-1004 
isoamvlaniline liydrobromidc, 996 
Loosen, 977-980, 1004, 1013. 1022 
mechanism for allylic, 1881-1883 
mcthylaniline, 976 

migration aptitude in, 908, 978, 1030- 

1031 

molecular, 966-1031 
neopcntyl compounds, 1007 
olefin intermediates, 972 
optical activity during, 399-400 
optically active alcohols, 1000 
optically active alkyl halides, 988 
optically active amities, 983 
optically active amino alcohols, 987- 
988 

optically activediazoketones, 1014 

optically active ethers, 999 
optically active glycols, 1015 
optically active ketones formed in. 

1015 

optically active pinacols, 1023 
optically active radicals, 1022 
opticully netivesullinic esters, 999 
optical stability of ions. 989 
oxidation-reduction in, 987, 1005 

1012 , 1022 
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Rearrangements, oximes, 979, 984 
peroxides, 975 
phenolic esters, 998 
phenolic ethers, 189, 1882 
phenylhydroxylamine, 976 
pinacol, 968-972, 975-977, 985, 1005, 
1012, 1015, 1023, 1030 
competitive reactions, 1066-1069 
cyclization by, 97-98 
polyynes, 1011 
propylene oxide, 973 
pyrazoles, 974 
reaction rates, 1027-1031 
a,y-rule, 187 
semidine, 1021-1022 
semi-hydrobenzoin, 971 
semi-pinacols, 971 

stereochemical considerations in, 1025- 
1027 

sugars, in acid media, 1638-1639 
in alkaline media, 1640-1646 
sulfinic esters, 999 
terpenes, 991 

triarylmcthyl peroxides, 975 
triphcnylmcthylhydroxylamine, 978 
urea derivatives, 981 
vinyl methyl ether, 974 
Wagner, 98, 990, 1000,1019 
Wolff, 1014, 1015, 1024 
Redistribution reaction, 1806-1820 
aliphatic halides, 1810 
catalysts for, 1814 
equilibrium constants. 1815-1818 
esters, 1809-1810 
kinetics, 1818-1820 
mechanism, 1818-1S20 
organometallic halides, 1812-1813 
organometallic (R„M) compounds, 
1810-1812 
Reductic acid, 1637 
Reduction, aldehydes, 803-805 
nlkencs, 797-802 
alkynes, 802-803 

aromatic compounds, 73-74, 817-819 
azobenzene by organometallic com¬ 
pounds, 512 

bimolocular, 643-644, 676-677 
by Grignard reagents, 502, 514, 644, 
646-647 


Reduction, by metal combinations, 643- 
644, 677, 697 
carbonyl group, 643-645 
catalytic, 634, 697, 797-819 
chloral by Grignard reagent, 514 
Clemmensen, 644 
dienes, 667, 801-802 

I, 2-diketones, 671 
disulfides, 843 
electronic mechanism, 1858 
halogen compounds, 808-809 
ketones, 805-807 

mechanism involving free radicals, 628 
naphthalene, 145 
nitriles, 809-810 
nitro compounds, 815-817 
nitro group, 661 
olefins by metals, 526-529 
oximes, 811 
phenylated dienes, 693 
selective, of carbonyl group, 676 
sugar lactones, 1539 
sulfonyl chlorides, 843,844 
thiolsulfonates, 909 
triphenylmethyl, 599 
unsaturated diketones, 693-694 
Wolff-Kishner, 644, 1363 
Reduction potentials of quinones, 159 
Reductone, 1637 
Reformatsky reaction, 647-648 
mechanism, 548 
steroids, 1433, 1476 
Refraction of alkyl fluorides, 952 
Refractive index, 1750-1752 
Refrigeration agents, 959, 962 
Regularobufagin, 1452 
Reichstein's compound, D, 1516,1517 
E, 1520,1525 

J, 1519 

K, 1516, 1517, 1524 

L, 1519 

M, 1520 

O, 1519 

P, 1516, 1517 

R, 1516, 1518 

S, 1521, 1522 

T, 1521 


Reimer-Tiemann reaction, 190, 199 
mechanism, 1882 
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Reinecke salt, 1118, 1125 
Relative acidities, 533-538 
Relative reactivity, carboxyl group, 683 
chlorides with potassium iodide, 1054 
cthylenic linkage, 683 
functional groups, 501,504, 548, 553 
in sulfonyl interchange, 911 
interpretation of data, 1072-1077 
organomctallic compounds, 494, 510, 
518, 524 , 525, 53<V-535, 545-546, 
552 

substituted ethanes, 609 
Resacctophenone derivatives, 141 
Residual charges, 1850-1852 
Resins, aldehyde, 650 
olkyd, 714 
Ciba type, 732 

Resolution, amino acids, 1109 
biochemical processes, 263-264 
conversion to diastcrcoisomcre, 256- 
200 

equilibrium method, 261-263 
kinetic method, 260-261 
mechanical separation, 254 
preferential crystallization, 254-256 
Resonance, uromatic compounds, 207 
chemical bond, 1913-1983 
definition, 1784 
electronic theory, 1831-1832 
idea of, 1950 1951 

kcto-cnol systems, 1935 
rnesoincric polarization, 1817-1818 
molecular structure, 1913-1983 

organic anions, 1K37 
oxime-nitrone taulomcri-m, 1930-1937 
Resonance effects. in benzene ring, 
1029 

Resonance energy, calculation. 1907 

1970 

conjugated systems, 1917 
definition, 1950 
empirical values, 1968-1909 
organic compounds, 1801 
Restricted rotation. 171 

about carbon-carlH.ii bond. 3.3 3*1 
about carbon-nitrogen bond. 3/7 3i J 
about carbon-oxygen bond. 3HI 3H- 
due to many-mcmbrrrd ring, 373 


lvii 

Restricted rotation, non-benzenoid ring 
compounds, 374-377 
Rhenium compounds, 566 
Rhodanine, amino acids from, 1108 
Rhodoporphyrin, 1274, 1291, 1296 
synthesis, 1275-1278 
Ricin, 1187 
Ricinidine, 1187 
Ricininc, 1186 
Ricininic acid, 1186-1187 
Ring-chain tautomerism, 1937 
Ring closure, see Cyclizotion 
Ring contraction, alicyclic oxides in 
Grignurd reaction, 512-514 
chlorohydrins in Grignard reaction, 
513 

methods, 96-100 
Ring expansion, methods, 96-100 
Rings, strainless, 69-70 
Ring structures of sugars, 1545-1580 
determination by glycol-splitting re¬ 
agents, 1508 1569 
furanosc, 1550-1503 
other than furanosc and pyranosc 
ty|M-s, 1581-1584 
pyranosc, 1553 -1550 
RosanofT classification of sugars, 1511 — 
1514 

Rosenheim test, 1391 

Rusenmuud reduction of acid chh>rides, 
80S 809 

Rotation, free, 228 
molecular, 285 
restricted, 471 

Rotatory dis|»ci*ion. 288, 293 
Rubln r, synthetic, 759 705 

vulcanization by organomelnllic coiu- 
|H*unds, 578 

Ruff degradation of sugnrs, 1540 1541 
Ruggli high-dilution principle, 707, 710 

S 

Saccharic arid, preparation, 1537 
Sarehurin, 1*04 

Saccliarifiie acid, formation, 1010-1019 
Saceliarinic acids, 1040 
Hachsc-Mohr theory of Mrainless rings 
09-70, 114 
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Salicylic acid, Kolbe synthesis, 201 
Salkowski reaction, 1390 
Salsoline, 1254 

Salts, inorganic, reaction with Grignard 
reagent, 510 
Salvarsan, 919 

Sapogenins, see Digitalis sapogenins 
Saponins, see Digitalis saponins 
Saran synthetic rubber, 754 
Sarcosine, 1111 
Sarmentogenin, 1445-1447 
Sarsasapogenin, 1459, 1464 
Sarsasapogenoic acid, 1462 
Sarsasapogenone, 1462 
Sarsasaponin, 1456, 1457 
Scandium compounds, 554 
Schiff bases, 652, 658-660, 1096, 1097 
Schorigin reaction, 533 
Schweitzer’s reagent, action on cellulose, 
1674 

Scillarcn A and B, 1448 
Scillaridin A, 1448 
Scopinc, 1197 
Scopolamine, 1197, 1198 
Scopolinc, 1197 
Scymnol, 1425 

Selectivity of hydrogenation catalysts, 
794 

Selenium, reaction with Grignard re¬ 
agent, 508 

Selenium compounds, optical isomerism, 
423-424 

Selenium dehydrogenation, see Dehydro¬ 
genation with selenium 
Selenium dioxide, action on sterols, 1385 
<*-Selinene, dehydrogenation, 118 
Scmicarbazones, catalytic reduction, 812, 
814 

table of, 814 

equilibria and rates in formation, 
1049-1052 
formation, 652 
hydrolysis, 1051-1052 
Semidine rearrangement, 1021-1022 
Semi-hydrobenzoin rearrangement, 971 
Semi-pinacolic deamination, 1012 
Semi-pinacols, rearrangement, 971 
Semiquinone radicals, 619 


Serine, 1120-1123 
Serine-phosphoric acid, 1122 
Sesqui-mustard, 860 

Sex hormones, 1468-1510; see also under 
individual classes 
biogenesis, 1528-1530 
Shared-electron-pair bond, 1949-1950 
Silica gel as support for palladium 
catalyst, 787 

Silicon compounds, optical isomerism, 401 
Silicon-containing polymers, 738-739 
Silver compounds, 542-544 
Silver iodobenzoate, oxidation of ethyl- 
enic linkage, 635 
Sinomenine, 1226, 1257 
Sitosterols, 1395, 1396-1397 
SK A synthetic rubber, 764 
Skatole, 1161 

SK B synthetic rubber, 764 
Skraup reaction, 149 
Smilagenin, 1464 

Sodium bisulfite, see Alkali bisulfite 
Sodium borofluoride, use in synthesis of 
aryl fluorides, 951 

Sodium peroxide, action on unsaturated 
carbonyl compounds, 676 
Solanidines, 1467-1468 
Solanines, 1467 
Solasodinc, 1467 
Solasonine, 1467 
Solatubine, 1467 
Solatunine, 1467 

Solubility, and internal pressure, 1738 
organic compounds, 1737-1738 
sulfhydryl compounds, 840 
Sorbitol, 1538, 1544, 1587 
/-Sorbose, preparation, 1034-1636 
Specific rotation, 285 
Specific viscosity, 1748 
Spectroscopy, determination of chelation 
by, 1869 

Spinasterols, 1397-139S 
Spiranes, in chelate rings, 1871 
optical isomerism, 340-343 
Sponsler and Dore, x-ray structure of 
cellulose. 1710-1711 
Squill aglucon, 1448 

Stabilities, determination of relative, 


Sensibnmine, 1244 
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Stabilities, thermal, of organometallic 
compounds, 521, 542-544, 551, 
562, 569, 575 
Stachydrine, 1120, 1189 
Standard cellulose, 1667 
Starch as polyacctal, 734 
Staudinger’s viscosity equation, 747, 
1707 

Stenols, 1387-1388 

Stereochemistry, cholestane type, 13G7- 
1369 

coprostanc type, 1367-1369 
oximes, 1025-1027 
steroids, 1367-1379 
Stereoisomerism, 218-187 
Steric hindrance, effect on reactions of 
organometallic compounds. 506, 

528 

in coupling reactions, 197-198 
Sterocholic acid, 1424 
Steroid alkaloids, 1407-1408 
Steroids, 1341-1531 
biogenesis, 1528 
configurational notation, 1372 
definition, 1344 
epimerixat ion, 1373-1374 
glucosidc formation, 1375 
history, 1340-1348 

relation to ar-tetrahydro-tf-nuphthols, 

1378, 1379 
ring system, 1344 

spatial isomerism, of hydroxyl groups, 
1372-1378 

of nuclear rings, 1369-1372 
stereochemistry, 1307-1379 
structure, and optical rotation, 13,8- 

1379 

of nucleus, 1349-1367^ 
p-tolucncsulfonates, 1375 

ty|*s, 1345 
i-Steroids, 1384 
Sterol ketones, 1388-1390 
hrorninat ion, 1389-1390 
Sterol peroxides, 13H8 
Sterol pinacols, 1388, 1401, 1410 
Sterols, 1379-1411; w* oUo under i«- 
dirutuat member* 

and bile acids, common nucleus, 13». - 

1350 


Sterols, color reactions, 1390-1391 
definition, 1379 

from lower forms of animal life, 1395- 
1396 

isolation, 1379, 1382 

molecular compounds, 1391-1392 

natural and derived, 1380-1381 

nomenclature, 1382 

nuclear unsaturation, 1385-1388 

occurrence, 1379 

reactions, 1379-1392 

of the C 3 —OH group, 1383-1384 
of the C 17 side chain, 138-1-1385 
ring system, 1382 
side chains, 1366 

Stibonium bases, electronic theory, 

1838 

Stigmastcrol, 1396, 1397 
ozonization, 1384 
Stilbcstrol, 1484 
Strainless rings, 69-70, 114 
large naturally occurring, 105 
Sacliso-Mohr theory of, 69-70, 114 
synthesis of large, 79-80, 89 
Strain theory, Baeycr, 68 
Strccker reaction, preparation of sulfonic 
ucids, 890 

Strccker synthesis, amino acids, 1105- 

1100 

Strength of acids and bases, 1034-1035 
Strontium compounds, 546-547 
Strophanthidin, 1435-1440 
C 3 —OH group, 1439-1440 
C 4 —Oil group, 1440 
C|0 —CHO group, 1438-1439 
Cu—OH group, 1130-1438 
Isolation, 1435 
lactone ring, 1430 
structure, 1436-1440, 1441 
Structure of simple molecules, resonance 
1962-1967 
Strychnic acid, 1237 
Strychnidine, 1237 
Strychnine, 1230 1243 
Stryclminolic acid, 1239 
Stryclmiiioloiic, 1239 
Stryclininonic acid, 1239 
Strychnos ulkaloi«ls, 1230-1243 
Stuart atomic models, 321 
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Styracitol, configuration, 1627 
structure determination, 1624-1625 
Styrene, polymerization, 743-750 
thermal polymerization, 744 
Styrene-maleic anhydride polymer, 757 
Substituent groups, directive influence, 
202-212 

Substituted sugars, 1606-1617 
Substitution, and orientation, in the 
benzene ring, 202, 1029, 1975 
indirect, 1S7 

Substitution reactions, alkadienes, 44 
alkenes, 36-37 
nlkcnynes, 45 
alkynes, 46 

anionic reagents, 273-274 
mechanism of, 272 
Walden inversion in, 272 
Sucrose, structure determination, 1600- 
1602 

Sugars, sec uwlcr indicuiual members 

7-, 1557 

acetals, 1578-1579 
acetates, 1551 

acetone derivatives, 1557-1559 
acetylation methods, 1551 
acyclic structures, 1575-1581 
alcohols, 1538 

ablehytlo acetates, 1575-15S1 
aldonic acids, 1537-1538 
amino, 1613-1617 
anhydro, 1617-1623 
ascorbic acid, 1633-1638 
benzoylatcd, 1561 

configurational isomerism, 1535-1545, 
1570-1572 

cyanohydrin preparation, 1538 
degradation methods, 15-10-1541 
dcgradatioi ^ 1638-1662 
dcrivat i ves, 1605-1663 
dcsoxy, 1631-1633 
diosc structure, 15S3-15S4 
disaccharide structure, 1592-1603 
enediols, 15S4-15S5 
endic structure, 158-1-1585 
epimerization of sugar acids, 16-10 
epimers, 1536, 1539-15-10 
esters, 1606-1612 
fermentation, 1654-1662 


Sugars, glycals, 1628-1631 
glycoseens, 1623-1628 
glycosides, 1551, 1572-1575 
glycuronic acids, 1587, 1590-1592 
isomerizations, 1638-1662 
ketoses, 15S6-1587, 1588-1589 
lactone studies, 1563-1568 
lactonization of aldonic acids, 1538 
measurement of optical rotation by 
m axi m u m solubility method, 1550 
mercaptals, 1562, 1575 
methylation, 1554, 1594 
methyloscs. 1632-1633 
mono- and oligosaccharides, 1532-1604 
mutarotation, 1546-1549 
notation of configurations, 1543, 1550- 
1551 

oligosaccharides from cellulose, 1696- 
1699 

oxidation, 1649-1654 

by lead tetraacetate, 1569 
by periodic acid, 156S-1569 
pentoses, 1541-1542 
rearrangements, 1638-16-16 
reduction of lactones, 1539 
ring structures, 1545-15S6 
Rosanoff classification, 1541-1544 
rules of optical rotation in, 1551-1553 
saccharinic acid formation, 1646-1649 
tautomeric forms, 1583-15S6 
thio, 1612 
trioscs, 15S3-15S4 
Sulfa drugs, 904 
Sulfanilamide, 904 
Sulfanilic acid, 187 
Sulfa pyridine, 904 
Sulfapyrimidine, 904 
Sulfat hi azole, 904 
Sulfonamides, preparation, 922 
Sulfonic acid derivatives, 920-923 
general characteristics, 920 
Sulfcnic anhydrides, 921 
Sulfenyl halides, from disulfides, 920 
from mcrcaptans, 920-921 
hydrolysis, 921-922 
reactions, with active methylene com¬ 
pounds, 923 


with alcohols and phenols, 922 
with ammonia and amines, 922 
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Sulfhydryl compounds, 839-852; see also 
Mercaptans and Thiophenols 
boiling points, 840-841 
occurrence, 839 
odor, 839 
solubility, 840 
toxicity, 839 

Sulfides, organic, 853-861 

cleavage by cyanogen bromide, 859 
formation from diazonium salts, 856 
formation from olefins, 855-856 
general characteristics, 853 
preparation, 851-857 
by alkylation, 854-855 
from aldehydes and ketones, 857 
reactions, 858-8G0 
with halogens, 858 
with inorganic salts, 858-859 
Sulfilimines, opticul isomerism, 422-423 
Sulfinamidcs, preparation, 917 
Sulfmic acids, 913-919 

addition to unsatunited ketones, 680 
formation of acid derivatives, 910-917 
general characteristics, 913-914 
met id replacement, 918-919 
nomenclature, 913 footnote 
oxidation, 917-918 
preparation, 914-916 

by Fricdcl-Cmfls reaction, 915 
from diazonium salts, 915 
from ethylene disulfoncs, 910 
from organomctallic com|iounds, 
915-916 

reactions, 917-919 
with aldehydes, 918 
with diazonium salts. 918 
with a, 0 -unsnlurated carbonyl eom- 
pounds, 918 

thiolsulfonates from, 900 
Sulfmic esters, optical isomerism. 421 
optically uetivc, rearrangement, 999- 
1000 

preparation, 916-917 

from sulfonyl chlorides, 914-915 
Sulfinyl anhydrides, pre|mrnlion. 917 
Sulfinyl chlorides, preparation, 917 
Sulfinyl group, 870 footnote 
Sulfonamides, alkylation, 902 


Sulfonamides, hydrolysis, 900-901 
reactions, 900-904 
with aldehydes, 903 
reduction, 903 

Sulfonates, alkylation by, 896 
Fries rearrangement, 898 
reactions, 895-898 
with Grignard reagent, 897-898 
Sulfonation, alkenes, 177-178 
aromatic compounds, 175-178 
phenanthrene, 161 

preparation of sulfonic acids, 887-S88 
Sulfone group, activating effect, 8 S 1 , 
885 

electron attraction by, 879-881 
in di- and |*»lysulfoncs, S83-8S4 
influence upon halogen, S82-S83 
influence upon hydrogen, 879 
Sulfones, 873-885; see also Monosulfoncs 
and Disulfoncs 
condensation reactions, 882 
general characteristics, 873 
Michael reaction, 882 
preparation, 874-877 

by alkylation of salts of sulfmic 

acids, 874-875 

by Friedel-Crafts reaction, 875 
by oxidation of sulfides and sulf¬ 
oxides, 874 

by reaction of olefins with sulfur 
dioxide, 875-876 
reactions, with alkali, 877-878 
with Grignard reagent, 881 
with reducing agents, 877 
unsaturated, 88-1-885 
a, 0 -unsatunited, 672 footnote 
Sul fori hydra/ides, hydrolysis, 903 
Sulfonic acids, 886-904 

conversion to sulfonyl halides, 891 
caters of, sec Sulfonates 
general characteristics, 886 
nomenclature, 886 footnote 
preparation, 887-891 

by addition of bisulfite to olefins 
890 891 

by oxidation, 888-890 
by Streckcr reaction, 890 
by sulfoiiution, 887-888 
relictions, 892 895 


nation, 901-902 
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Sulfonic acids, replacement of sulfonate 
group, by amino group, 894 
by cyanide, 893 
by halogen, 893-894 
by hydrogen, 892 
by hydroxyl, 892-893 
by nitro group, 895 
Sulfonium compounds, 867-870 
from disulfides, 867 
from sulfides, 867 
general characteristics, 867 
preparation, 867-868 
Sulfonium hydroxides, pyrolysis, 869 
reactions os bases, 869-870 
Sulfonium salts, formation of addition 
compounds, 869 
optical isomerism, 419-421 
pyrolysis, 868-869 
a-SuIfonyl acids, 8S5 
Sulfonyl chlorides, reduction, 843, 844 
Sulfonyl fluorides, synthesis, 948 
Sulfonyl halides, hydrolysis, 898 
preparation, S91 
reactions, 898-900 
with amines, 808-899 
with enolates of active methylene 
compounds, 899 

with organometullic compounds, 
899-900 

thiolsulfonates from, 907 
Sulfonyl interchange, 911 
rt-Sulfonvl ketones, SS5 
Sulfoxide group, activating effect, 885 
Sulfoxides, 870 873 
ris-tranx isomerism, 4S3-484 
general characteristics, 870 
optical isomerism, 421-122 
preparation, by Fricdcl-Crafts reac¬ 
tion, 871 

by hydrolysis of dihalidcs of sulfides, 

871 

by oxidation of sulfides, S70-S71 
from Grignard reagent, 871 
reactions, S72-873 
with acids, 872 
with aqueous chlorine, 873 
with reducing agents, 872 873 
Sulfur, expansion of valence shell, 
885 


Sulfur, reaction with Grignard reagent, 
507-508 

Sulfur analogs of carbonic acid, 938-939 
Sulfur chloride, addition to ethylenic 
linkage, 641 

as chlorinating agent, 44 
reaction with olefins, 855-856 
Sulfur compounds, optical isomerism, 
419-423 

organic, 835-943; sec also under 

individual members 

reasons for differences from oxygen 
compounds, 838 

Sulfur-containing functional groups, 837 
Sulfur dioxide, polymerization of olefins 
by, 765-766 

reaction with Grignard reagent, 505 
reaction with olefins, 875-876 
Sulfuric acid, addition to ethylenic 
linkage, 639-640 

Sulfuric esters of carbohydrates, 1609 
Superpolyesters, preparation, 711 
Supported palladium catalysts, 786-787 
Supported platinum catalysts, 785 
Suprastcrols, 1410-1411 
Surface tension, 1739-1741 
Sweetening of gasoline, 852 
Symbols, electronic, 1834 
Symmetry, alternating axis of, 320 
plane of, 224 
point of, 318, 327 

Syn- and an/f-oxiraes, interconvcrsion of, 
472 

Syn-anti Isomerism, see Cis-trans isomer¬ 
ism 

Synthetic polymers, 701-778 
Synthetic rubber, 759-765 
Syringidin, 1318-1319 

T 

Tachystcrol, 1404 
Tannins. 1609 
Tantalum compounds, 561 
Tarconines, 1220 
Tartaric acids, 232-233 
deiiro, 232, 1545 
lei o, 232 


meso, 232 

Volume I, pages 1-1077; Volume H, pages 1079-1983. 



INDEX 


lxiii 


rc- 


Tartaric acids, properties, 233 
racemic, 232 
Taurine, 904 

Tautomeric effect, resonance, 1977 
Tautomcrism, 219 

electronic theory, 1934-1940 
fructose, 1586 
glucose, 1585 
keto-enol, 684 
three-carbon, 1041-1044 
Tellurium, reaction with Crignard 
agent, 508 

Tellurium compounds, optical isomer¬ 
ism, 424 
Teloidine, 1198 

Terephtlmlic acid, reduction, 144 
Terpcnes, 70-73 

rearrangements, 001 

Terphonyls, ci*-tranx isomerism, 4St> 4*7 
optical isomerism, 370-373 
Tertiary amines, attempts to resolve. 
403-104 
coupling, 195 

TcstOBloronc, 1408, 1802, 1803-1504, 
1509 

m-Tcstost crone, 1504 
Testosterone propionate, 1510 
Tetrnarylallyls, 607 

nym-Vct rauryldialkylcthniios, 
sym-Tct ronry let banes, OtVi 
Tctmarylhy.lra/ines, dissocmt.on, 010- 

017 

Tctriuirylsuceinonit riles, 011 
Tetraethyllead, 660, 677 
Tetrahedral bond orbitals .\Xrl ! * 

Tetrahedral carbon atom. 19-i- -IX*' 
evidence for, 222 223 
Tetrahedral elements, 222 
Tetrahydrobcrbcrine. 1210 

«r-Telrahydr.WM«aphthol- 

sterols, 1378. 1379 

Tctrahydn»ncucrK** , terol, 14 • •», 

Tetruliydrost rychnine, 1237 

Tet rahy droxyeholan*-. 1425 

Tetrahydroxynoniteroibolanirueid. - 

Tetralin, 157 

.. .. 

ertics, 568 


relation I" 


170. 1478 


Tetrametbylfructopyranose, 1594-1595 
Tet ramet hy lgl ucof ura nose, establish¬ 

ment of structure, 1562 
Tet ramet hylglucopyranose, 1554-1556 
^-Tetramethylglucose, establishment of 
structure, 1560 

1,1,2,2-Tetraphenylcyclopropane, stabil- 

ity, 603 

gym -Tet raphenyldibenzoylethane. 610 
Tetraphenvlethylene, bromination, 142 
Tctr.iphenylhydrazine, half life, 617 
5,6,11,12-Tetrnphenylnaphthncene, 003 
Tctraphenylsuccinonitriles, dissociation, 

774 

Tet rasultides, 864 

Tetmzoles, formation from diazides, 978 
Thallium compounds, 568-569 

Thcbaine, 1221, 1226 
Thebainonc, 1226 
Thebenine, 1225 
Thcelin, «cr Estrone 
Theclol, see Estriol 

Thermal decomposition, cellulose, 1699- 
1700 

free radicals in, 626 
Thermal |H»lymeri/ati«»n, styrene, 714 
Thcmiodynamie pr..|K-rties, calculated 
from s|»cotroscopic data, 1803- 
1801 

of organic compounds, 1794-1804 
Thcwu(setting, 732 
Tlicvel igenin, 1444 
Tlievitin, 1453 

Tliia/oles, preparation, 936-937 
Thiele formula for benzene, 127-128 
Thiele theory of partial valence, 060 
Thin arid chlorides, preparation, 935 
Thin acids, general characteristics, 929- 
930 

preparation, 930-931 
mictions, 935-936 
Thioaldehydcs, 923-929 

from methylene halides and metal 
Mlifidcs, 926 

general characteristics, 923 924 
oxidation, 927 

preparation from aldehydes with 
hydrogen sulfide, 924-925 

pyrolysis, 928 
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Thioaldehydes, reactions, with alkyl 
iodides, 928 

with heavy metal salts, 928 
Thioalkylation, 910, 913 
Thioamides, preparation, 933-935 
react ions, 936-937 
Thioanhydrides, 935 
of sulfonic acids, 911 
Thiocyanates, 942 
Thiocyanic acid, 939 
Thiocynnogen, 942 
addition to cthylenic linkage, 638 
Thioesters, hydrolysis, 843 
Thioetliers, sec Sulfides 
Thioformaldehydc polymer, 769 
Thioketones, 923-929; see also Thioalde- 
hydes 

from ketones and phosphorus pentasul- 
fidc, 926 

preparation by Friedel-Crafts reac¬ 
tion, 927 

Thiokols, 733-734, 7G0, 866 
Thiolcnrbamates, 938 
Tliiol esters, preparation, 932-933 
Thinlhistidiiic, 1156-1157 
Thiolsulfonntcs, 905-913 
general characteristics, 905 
hydrolysis, 909 
oxidation, 910 
preparation, 906-908 
from disulfides, 907 
from sulfimic acids, 906 
from sulfoiiyl halides, 907 
reactions, 908-912 
with active methylene compounds, 
910 

with (irignard reagents, 909 
with phenols, 910 
with s- liydryl ct mpounds, 90S 

reduct i» -*9 

struct 1 : '12-913 

1 hiolsulf esters, sec Tliiolsulfonates 

Thiomethy/Hiitose, 1612 
Thioncarbainates, 938 
Thion esters, preparation, 933 
Thionex, 939-940 

Thionylamines, reaction with Grignard 
reagent, 505 

Thiophenes, formation, 920 


Thiophenols, 839, 844-852; see also 
Sulfhydryl compounds 
addition to olefins, 850-851 
addition to unsaturated ketones, 680 
preparation, 844-845 
by reduction of sulfonyl chlorides, 
844 

from diazonium salts, 844-845 
reactions, 846-852 
with aldehydes and ketones, 849 
with alkali, 846 
with carboxylic acids, 848-849 
with heavy metal salts, 846-847 
with nitriles, 851 

with organometallic compounds, 852 
with oxidizing agents, 851-852 
with a.fl-unsaturated carbonyl com¬ 
pounds, 850 
Thio sugars, 1612 
Thiourea, 938 
preparation, 940 
reactions, 940-941 

Thiourcthanes, rates of formation, 1058- 
1060 

Thiuram disulfides, 939-940 
Thorpe reaction, synthesis of large car¬ 
bon rings, 88-S9 

Three-carbon tautomerism, equilibria 
and rates, 1041-1044 
Three-dimensional molecules, formation, 
719-720 

Three-dimensional polymers, 703, 714 
71S-721 
solubility, 742 

Three-electron bond, 1960-1961 
Threonine, 1123-1124 
Thujnketonc from ergosterol, 1399 
Thyroxine, 1129-1130 
Tiffcneau reaction, 1527 
Tigogenin, 1464, 1465 
Tigonin, 1456 
Tin compounds, 55S-559 
optical isomerism, 424-425 
Tishchenko reaction, 649, 792 
Toad poisons, 1449-1452 
physiological potency, 1453 
Tobacco alkaloids, 1190-1193 
Tollens cellulose formula, 1702 


P-Toluenesulfonates, steroids, 1375 
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Toluenetetra carboxylic acid, 1401, 1404, 
1410 

Tosylation of cellulose, 1682-1683 
Toxisterol, 1411 
Trans- migration, 1026-1027 
Transmission of activating effects, 633, 
1909 

Traube reaction, 1189 
Trehalose, 1593 
Triad anion tautomerism, 101S 
Triad systems, 1937-1940 
tautomeric, 1937 
Triarylhydrazyls, 617 

Triarylmcthyl peroxides, rearrangement, 

975 

Triarylmethyls, 585-602 
addition reactions, 598-600 
amphoteric nature, 601 
chemical properties, 596-602 
conduction of electric current, 601 
dimerization, 597 
displacement reactions, 600 
disproportionation, 597 
preparation, 595-590 
quinoid structure, 586-587 
reaction, with inorganic salts, 001 
with triarylmcthyl halides, 600 
stability, 596-597 
test for, 598 
T ribcnzoylmet hane, 193 
Tricovalcnt car ban ions, 9K8 
Trigonelline, 1186 

Trihydroxybufosteroeh«»leiiie acid, 141» 

3,5,7-Trihydroxyflavyhum chloride, 1317 
Trillarin, 1456, 1457 
Trillin, 1456, 1457 
2,3,4-Trirnct hylglueosc, 1602 
2,3,6-TrimethyIglueose, 1595-1596, b>97 
Trioscs, structure, 1583-1581 
a-Trioxymethylene, 769 
Triphcnyletliylone, brornination, 179 
1, 2 , 3 -Triphenylindyl radical, 608 
Triphenylmethyl, 582-581 
color, 584 
discovery, 583 
electronic theory, 1929 

Triphcny 1 met hylhydroxylarnine, rear¬ 

rangement, 978 


Trivalent carbon, 973 
Tropacocoine, 1202 
Tropane, 1200 
Tropeines, 1195 
Tropic acid, 1194 
Tropidine, 1197, 1199 
Tropigenine, 1198 
Tropilidene, 1196 
Tropinc. 1191, 1200 
Tropinic acid, 1195 
Tropinone, 1195, 1199, 1253 
Truxillines, 1202 
Trypt amine, 1242, 1255 
Tryptophan, 1159-1164 
relation to liarmun, 1229 
Tschugaeff-Zercwitinoff analysis, 500 

578 

Tuads. 939-940 
Tungsten compounds, 561 
Tunicin, 1667 

Twinned double bonds, 662-665 
Tyraminc, 1127 
Tyrosinase, 1127 
Tyrosine, 1126-1129 

U 

l'limann reaction, orgnnocopjier com¬ 
pounds in, 544 

preparation of polyphenylene ethers, 
736 

(‘lira-violet absorption spectra, aromatic 
c«ini|>ounds, 1786 1791 
effect of solvent, 178-1-1786 
relation to resonance. 1786-1794 
rnividcnt nitrogen eoin|M>unds in rear¬ 
rangements, 977, 979, 980, 983 
o,^-(*nsatunited acids, from rearrangc- 
ment of 0 ,>-Uiisat united acids, 684 
-lInsntunited acids, rearmngernent to 
a, 0 -unsat united acids, 684 
<*,#-( jisaturatcd carbonyl compounds 
addition of benzene, 676 
addition of diphenylketene, 677 
addition «»f halogen acids, 676 
1 ,- 1 -ndiIitioii «»f hydrogen, 677 
addition of malonie ester, 679 
electronic theory, 1919-1922 
oxidation, 676 


Trisulfides, 861 
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a,0-Unsaturated carbonyl compounds, 
reactions, with Grignard reagent, 
672-675 

with halogens, 675 
with mercaptans and thiophenols, 
850 

with sulfinic acids, 918 
reduction, 676-677 
I'nsaturatcd sulfones, 884-885 
Unsaturated systems, see specific types 
addition of organometallic compounds, 
498, 500-507, 515, 526, 528-529, 
545-546, 550 

reaction of Grignard reagent, with 
non-terminal cumulated, 505 
with terminal cumulated, 505 
Unsaturation, and conjugation, 631- 
700 

effect on molecular refraction, 1751 
Trane derivatives, 1496 
Urnnediol, 1496 
Uranetriol, 1496 
Uranium compounds, 561 
Urea, Wohler synthesis, 967 
Urea derivatives, rearrangement, 981 
I *ren-formaldehyde polymers, 727-730 
Crease, 1149 
Crocanic acid, 1155 
Uroporphyrins, 1289 
Ursodeaoxycholic acid, 1415 
Vznrigenin, 1432, 1433, 1444 
Uzarin, 1453 

\' 

\ aimer, electronic concept, 1S22-I941 
partial, 128 
types in nitrogen, IS34 
Valence-bond formulas. 1961 
Valence-bond method for treatment *>f 
elect ronic st ruetures, 1 956 
Valence requirements of normal alkvl 
groups, 977 

Valencies of atoms, spatial arrange- 
ments, 221 222 
Vanadium compounds. 561 
Vapor-phase isomerization, 997 
Vasicine, 1250-1251, 1255 
Vel, 886 


Vinylacetylene, 658 
addition of hydrogen chloride. 1002 
Vinylcarbazole polymer, 756 
Vinyl chloride, addition of hydrogen 
fluoride, 947 

Vinyl esters, polymerization, 753-756 
Vinyl ether polymer, 756 
Vinyl group in chlorophyll, 1305-1306 
Vinylites, 757, 758 

Vinyl methyl ether, rearrangement, 974 
Vinylogous systems, 1909 
Vinylogy, 633, 1909, 1924 
17-Vinyltestost crone, 1524 
Viscose, sec Cellulose xanthate 
Viscosity, 1747-1749 
of alkyl fluorides, 951 
Viscosity equation of Staudinger, 747, 
1707 

Viscosity stabilizer, 725 
Viscosity-stable polymers, 725 
Visible absorption spectra, 1783-1794 
aromatic compounds, 17SG-1794 
relation to resonance, 1786-1794 
Vitamin C, 1633-1638 
Vitamin I), 1405-1411 
history, 1405-1406 

structure and antirachitic activity, 
1411 

Vitamin Dj, 1405 
Vitamin D* 1405-1406, 1407-1408 
isolation, 1405 
probities, 1405-1406 
transformation products, 1408, 1410 
Vitamin Dj, 1406-1407 
Vitamin I),, 1406 
Vitamin K| hvdroquinono, 153 
Vomicinc, 1242-1243 
von Auwcrs-Skita rule, 1373, 1493, 1501 
von Braun degradations, 1174-1175 
Vulcanization of rubber by organometal¬ 
lic con»|annuls, 57S 

W 

Wagner-Meerwein tmnsformations, 1012 
Wagner rearrangement, 9S, 990, 1000, 
1019 


Walden inversion, 264-2S1, 967, 1015 
anionic reagents, rearward attack, 273 
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Walden inversion, cholesterol, 1375-1377 
configuration, absolute, 267 
by Boys equation, 267 
rotatory dispersion and, 268-269 
effect of temperature, 266 
in sugar derivatives, 1608, 1614 
mechanism, 269-281 

studies with rudioactive isotopes, 

272-273 

nature of compounds, 266 
nature of reagent, 266 

nature of solvent, 266 
Wallach degradation, ring contraction 

by, 99 

Weerman degradation of sugars, 1541 
Wieland degradation, see Barbier-Win¬ 
land degradation 

Williamson synthesis, methylution of 
sugais, 1594 

Wintersteincr’s compound. A, 1514 
D, 1516, 1517 
F, 1520 

Wohl degradation of sugars. 1540 
Wohler's synthesis of urea, 967 
WolfT-Kishner reduction, 644, 1363, 

1390. 1438. 1466 

Wolff rearrangement, 1014. 1015. 1024 
Wurster dye, 620 

Wurtz-Fittig reaction. 508, 539 542, 544 
mechanism. 622-623 
Wurtz reaction, cyclizution by, 74-75 

X 

XantImtcs, 939 

in preparation of thiopheuols. 844 -815 


X-ray diffraction studies, 1762-1769 
aromatic compounds, 1764 
benzene, 123 

biphenvl Isomerism, 351-352 
cellulose, 1709-1716 
cis-trans isomers, 452 
hydrocarbons, 1763 
use, 1762 

o-Xylene, resonance in, 207 
Xylenes, physical constants, 1723 
as-o-Xylenol, 138 

d-Xylornethylosc, preparation, 1632 
Xylose, fermentation, 1662 

Y 

Yobyrine, 1234 
Yohimbic acid. 1234 
Yohimbine. 1234-1236 
Yohirnbol, 1234 
Yttrium cora|»ounds, 554 

Z 

ZempWn degradation of sugars, 1540 
ZcrcwitinofT analysis. 500. 578 
Zinc com|>ouiids. see Orgunozine com 
pounds 

optical Isomerism, 432-433 
Zirconium compounds, 557 
Zoosterols, 1392-1396 
Zwittcrion, I0H8 
Zymosterol, 1399 
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